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ABSTRACT 
The conditions which prolong viability and the low germination rate of seeds of 
Afrocarpus gracilior were studied. Different seed lots were stored under various 
moisture content and temperature combinations. The two seed lots tested had 
different initial viabilities, probably due to different pre-storage treatments, but 
generally similar storage requirements to maintain viability at a reasonable level. 
Tetrazolium tests gave consistently higher viability estimates than germination tests 
but were well correlated with the latter. Intact seeds were found to have a very low 
germination rate. However, removal of the seed coat and germination at 30 °C 
resulted in germination rates of up to 80% after 30 days. The seed coat was found to 
contain a very powerful inhibitor of germination of Triticum seed. 
Studies were made on the germination of seeds of Elcebergia capensis and 
Pygeurn africanuni. Intact seeds of E. capensis germinated at about 52% under 
optimum conditions and slight damaging of the seed coat halved the germination rate. 
Intact seeds of P. africanum germinated at about 20% under optimum conditions and 
slight damaging of the seed coat doubled the germination rate. 
Shoots of A. gracilior were found to grow well in vitro on hormone free 
medium but did not produce axillary buds during normal growth and development. 
However, it was found that decapitation resulted in the formation of axillary buds at 
or near the top of the shoots which subsequently developed into shoots. Treatment of 
intact or decapitated shoots with benzyladenine resulted in the initiation of numerous 
buds but it proved impossible to extend them into shoots. Extending shoots rooted 
spontaneously on hormone free medium and were also rooted ex vitro in compost 
under non-sterile conditions and the rooted plants were weaned to greenhouse 
conditions. 
Excised zygotic embryos of A. gracilior were subjected to a wide range of 
temperature, growth media and plant growth regulator treatments in vitro. Callus 
was frequently observed and proembryos occasionally but only one cell line matured 
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CHAPTER 1 
Introduction and Literature Review 
1. 	Introduction 
1.1 Background 
A natural forest is part of the national heritage of a country. It is a source of 
food and energy as well as providing shelter to a considerable diversity of wild 
animals. 
According to FAQ (1995) closed forests covered slightly over 3,400 million ha 
or 27% of the world's land area, 18% of Africa. The area of forest remained more or 
less unchanged over the decade 1980-1990 in developed regions, but in the 
developing countries deforestation (0.81%) exceeded plantation (0.16%). In the 
Sudano-Sahelian region, the pressure on forest formation through uncontrolled 
clearing and fuelwood harvesting is so excessive that it can be considered much higher 
than natural regeneration capacity (Flandez and Quedraogo, 1994), and in Ethiopia, 
forest resources have been depleted more rapidly than the African average. 
There is a considerable body of evidence to suggest that the loss of tropical 
forests is leading to unprecedented loss of biological diversity (Whitmore and Sayer, 
1992). Wild animals have an important role in forest ecology. For example, insects 
are involved in pollination while many species of mammals and birds possibly 'scarify 
seed coats while acting on pulps for food so that germination is made easier. In 
tropical countries at least 70% of the resident vertebrate species are commonly 
reported to be dependent upon closed forests (Johns, 1992). 
Woody perennials can have a significant potential soil ameliorating effect. For 
example, a 1-2% increase in soil organic matter in the range of 4-6% can result in a 
more than twofold increase in base content, reaching values in the range 
recommended for agriculture (Montagnini and Sancho, 1990). In Ethiopia, the exotic 
Eucalyptus has limited value for soil improvement because the litter is poorly 
incorporated and lack of ground vegetation increases the risk of soil erosion, in 
contrast to native genera such as Ekebergia, Eiyihrina and Cord/a. Once these 
indigenous species are destroyed it is very difficult to regenerate them: Gradwohl and 
Greenberg (1988) noted the reasons why tropical forests do not reclaim land which 
has been completely cleared as follows: 
Seeds of tropical forests are very often spread by animals and the chance 
of these animals living near the clear areas by adapting to drastic habitat 
changes is minimal. 
The degree to which seeds can remain viable in tropical soils in the 
presence of insect and fungal attack varies greatly between species. 
Human-generated clearings are very often too stressful for seeds to 
survive. 
Sometimes the primary vegetation may cease producing potential seeds, and 
today, problems of this type are being solved through clonal propagation. Longman 
and Jenik (1987) reported that sometimes seeds of primary forest trees are no longer 
available for natural regeneration, and so the flora and structure of a secondary forest 
may be very different from that in primary vegetation. Forest production is difficult 
without the availability of seeds, and a lot of development programmes are hampered 
because of this problem. One of the major limiting factors to afforestation and 
reforestation is the lack of adequate seed sources (Ponnuswamy el al., 1991). In 
developing the technology for storage and treatment of seeds it may not be 
appropriate to extrapolate temperate experience to tropical species, or experience in 
the dry tropics to rain forest species. Each case must be assessed on its individual 
properties, and in relation to local requirement, although the principles are the same 
(FAO, 1985). Seed testing and handling facilities in tropical regions are limited and 
hence it is difficult to maintain seed quality. The problems of seed germination testing 
in the tropics are particularly acute because of variations in available controlled 




1.2 	Causes of forest destruction 
There are many factors that influence the destruction of forests, such as the 
history of logging, land clearing and urban development, fire, windstorms, insect and 
disease epidemics and other happenings that affect the life and growth of the trees 
(World Resources Institute, 1990). 
The growth of human populations is one of the major factors. Kimmins (1987) 
reported that, as human populations grow, more timber is used and more forest 
cleared for agriculture, and this leads to further increases in the population and even 
more destruction of the natural forest. The reasons for deforestation in the tropics are 
complex (Tacon and Harley, 1990) but it is due, partially, to the exploitation and 
export of timber to gain foreign currency and in great measure to the use of wood for 
energy (about 80% is burnt for fuel). Clearance to meet the demands of agriculture is 
exacerbated by the rise in population: forests are also cleared for construction 
purposes, and to provide material for farm implements. Reasons for deforestation, 
and modes of deforestation, vary widely between continents. In Brazil, the single 
most important cause of deforestation is the development of cattle ranching. 
Elsewhere, for instance in S.E. Asia, it is the need for export-quality timber which is 
readily available by selective logging of the Dipterocarp forests. In Africa, the main 
reasons are conversion of forest to agricultural land, wood demand for fuelwood, 
construction, farm implements and other products, large scale logging operations, 
inappropriate land use policy and population growth. 
1.3 	Consequences of forest destruction 
There is a general acceptance that overall forests are being cleared at a faster 
rate than they are being replanted (Thorpe et al., 1991). The specific case of the 
Ethiopian forests fits into this general condition. Although afforestation activities 
have been undertaken by the State Forest Services and many Non-Governmental 
Organisations, reforestation is far exceeded by the loss of forest area. Natural 
calamities like drought and flood combined with forest destruction have already 
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claimed the lives of people in many places. The destruction of woody vegetation 
which followed the tragic drought of 1968-73 in the Sahel, which repeated itself in the 
mid-80s in many low rainfall areas, is a typical example of the consequence of 
crossing the threshold of resource tolerance under mounting population pressure 
(FAQ, 1989). 
Highland forests may be valuable to lowland residents as sources of water, but 
the lowlands can suffer from flooding if the forests are completely cut. This is what is 
happening in Ethiopia; the country has chains of central plateaux from which forests 
have been totally removed and as a result soil erosion is becoming an acute problem. 
Power dams have been broken because of excessive run-off water due to the clearing 
of vegetation from upper catchments. In most tropical countries there are areas of 
upland cloud forest and rain forest which ought to be permanently reserved because 
any disturbance can bring about erosion, flooding or landslides on the lower slopes 
and in the valleys, sometimes of a magnitude to sweep away or bury whole villages 
(Westoby, 1989). 
Clearfelling of the largest trees can cause the loss of endemic plants and animals 
for good and the selective removal of good quality timber trees for sawmills has 
resulted in a reduction in quality of the remaining forests. In the felling process larger 
trees damage the smaller ones, leaving a mass of fallen debris to smother any advance 
regeneration and go up in smoke at the next fire season. In Bale, south-east Ethiopia, 
it has been observed that some local individuals have uprooted the saplings of 
regenerating trees like Warburgia ugandensis and Afrocarpus gracilior after the 
timber enterprises felled larger trees on their coffee plantations to avoid any future 
felling of trees which might destroy their coffee crops. 
Resource protection and saving of endangered and highly valuable species 
should be planned without further delay. According to Negussie et al. (1991), any 
uncontrolled felling of forests by commercial enterprises should be stopped and, 
moreover, there should be a sound programme to replace the cleared forest. The 
expansion of coffee and tea plantations and state farms in Ethiopia has taxed the 
existence of indigenous forests and unless such destruction is stopped, many of the 
endemic species will be at risk of extinction. There has to be a sustainable land use 
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alternative to retention of the land under virgin forest rather than ruthless destruction. 
Compensatory forest plantations could be an alternative source of timber, 
construction and fuelwood which would reduce the pressure of further exploitation on 
indigenous forest resources. 
1.4 	Significance of the study 
Much has been said about the cause and effect of forest destruction in relation 
to the dismal history of the Ethiopian forests whose area has alarmingly fallen from 
40% to less than between 4 and 13% in about half a century. It is therefore high time 
to undertake studies on how to conserve and propagate forest trees. 
One possible method for the conservation of tree species is by storing plant 
propagules, mainly seeds, over a long period of time. Storage conditions and mass 
propagation methods have therefore to be optimised to prolong the viability of seeds. 
The combination of work on seed storage, seed germination and tissue culture is 
very important since it approaches the problem from several angles. Unless efforts 
are made to intensify gene conservation, propagation and wise management, serious 
depletion of the forest will result (Wang, 1988). Spears (1981) emphasised the 
protection of ecosystem as follows: unless the present trend is reversed the bulk of 
the tropical forests could well disappear by the middle of the next century. 
Techniques to handle recalcitrant seeds (i.e. those which cannot withstand desiccation 
below a certain level) should be investigated: these are vulnerable to extinction 
because of unwise logging and excessive land clearance and since the forest floor does 
not hold a reservoir of recalcitrant seeds (Nkang, 1988), and the development of 
suitable storage techniques and improved propagation methods is therefore essential. 
Seed storage plays an important role in provenance trials for tree improvement 
programmes at an international level (Emmanuel and Dharmaswamy, 199 1) since such 
programmes need a reliable long term storage system. 
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1.5 	Seed species and specific work 
1.5.1 	Seed storage of Afrocarpus gracilior (Pilger) C.N. Page 
The Tree Seed Section at the Forestry Research Centre, Addis Ababa, has 
standardised the storage conditions for some desiccation-tolerant species. However, 
further investigation is required to optimise the storage conditions for less orthodox, 
and recalcitrant, seed species to prolong their viability. Without this there could be 
future scarcities of seeds, especially of recalcitrant species, for plantation 
programmes. In the short run it is neither economically nor technically possible for 
the Forestry Research Centre to investigate the optimum storage and germination 
conditions for every seed species under its management. However, it is possible to 
categorise seeds with related characters into groups for assessment purposes. 
Afrocarpus grad//or was chosen for this study because its timber is in high demand, 
since existing stands are being cleared at an increasing rate, and it was considered 
representative of a species group requiring urgent research into storage and 
germination. 
1.5.2 Germination studies on Pygeuni africanurn Hook and Ekebergia 
capensis Sparrm 
Germination studies for indigenous tree species like Afrocarpus gracilior and 
Olea africana have been carried out by the Plant Physiology Section at Addis Ababa 
University, and by the Forestry Research Centre in Ethiopia. In these projects, some 
encouraging results have been achieved over the past few years. 
However, germination problems of species like Pygeum africanurn and 
Ekebergia capensis have not yet been tackled and it is not known whether these 
species are orthodox, recalcitrant or intermediate. Their very low germinability 
should therefore be investigated to see if this is due to desiccation or to the presence 
of germination-inhibiting factors which cause seed dormancy. 
The seed coats of Pygeuni africanurn and Ekebergia capensis are likely to be a 
physical barrier to water and gases, although softer than Afrocarpus gracilior and 
Olea africana, for example. In Ekebergia the seed coat is weak at the micropylar 
region leading to ingress of moisture and consequent microbial attack during the 
germination process, and even in storage. 
1.5.3 	Micropropagation of Afrocarpus gracilior 
Micropropagation of plants is a modern biotechnology whereby cells, tissues or 
organs are manipulated to produce a large number of plants of improved quality. By 
using this technology it seems likely that the limitations of seedlings will be overcome, 
with genetic gain achieved in a relatively short period of time compared with the 
conventional tree improvement programmes. Regeneration problems of difficult-to-
germinate seed species could be solved by tissue culture techniques and Afrocarpus 
gracE//or will also be considered for this work. 
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2. 	Literature Review 
In this section the maintenance of viability, germination and micropropagation 
are considered. 
2.1 	Viability and Storage 
Moisture content and temperature are the main factors in determining the fate of 
seeds in storage. Possible combinations of these factors have been investigated 
through research work to find out the optimum storage conditions for seed species. 
In many cases it is generally true that the lower the temperature and the lower the 
moisture content the longer is the viability of the seeds. However, this is not always 
the case as the larger-seeded temperate hardwoods (e.g. Fagus and Quercus) and 
many recalcitrant species of warmer climates (e.g. coffee and citrus) need a relatively 
high moisture content for maximum retention of viability (Bradbeer, 1992). 
According to Chin (1988) the most important factor which determines the life and 
death of seeds is moisture content. 
Orthodox species are those whose seeds resist desiccation and are commonly 
stored after being dried to a moisture content of 5 ± 1% at -18 °C (Roberts and Ellis, 
1984); 5-7% at -18 °C (Berjak ci at., 1984; Nkang and Chandler, 1986); 6-7% at 
between +5 and -20 °C (Chin, 1988) and 1-5% at -18 °C (Farrant et at., 1988). 
Araucaria cotumnaris seeds, which are orthodox but less so than other orthodox 
species, can be stored after the moisture content is reduced to 12% at 0-5 °C in the 
short-term and to 7% at -18 °C or lower in the long-term, although there is some loss 
in viability (Tompsett, 1984). 
By comparison, the seeds of many recalcitrant species quickly lose viability 
when their moisture contents fall below some critical level (Akoroda, 1986). 
Recalcitrant seeds are predominantly from tropical and subtropical species with large 
seeds (Come, 1983; Farrant ci at., 1988), and are short-lived under all conditions. 
When loss of viability is more rapid than usual under ambient conditions, it is likely 
(though not certain) that the seeds are recalcitrant (Roberts and Ellis, 1984). 
According to Farrant ci at. (1988), recalcitrant seeds are of three categories: 
I . 	Less recalcitrant - those which have the ability to withstand relatively 
more water loss, e.g. Araucaria hansteinii; 
Moderately recalcitrant - those which tolerate moderate loss of water and 
show relatively slow rate of germination, e.g. Hevea brasiliensis; and 
Highly recalcitrant - those which tolerate very little water loss and begin 
germination immediately on being shed, even in the absence of additional 
water e.g. Syzygiuni species. 
The drying method of recalcitrant seeds needs care since the acceptable range of 
moisture content differs between species. For example, Fu et al. (1990) noted that 
the initial moisture contents of three recalcitrant species seeds (Mangifera indica, 
Litchi chinensis and Euphorbia longan) were 70-75%, 45% and 38% respectively 
and that each had a different threshold moisture content below which damage could 
occur. To maintain their viability from several days to several months or more it was 
necessary to keep the seed moisture contents above those safe lines. Several workers 
claim that many recalcitrant seeds can be dehydrated rapidly within an acceptable 
range of moisture content and still retain viability. Berjak et al. (1990), for example 
pointed out that rapid dehydration of recalcitrant seeds allows viability retention to a 
lower moisture content than does slow desiccation and Chin (pers. comm.) found that 
rapidly-dried excised embryonic axes of jack-fruit could be dehydrated to moisture 
contents akin to mature orthodox seeds without loss of viability. 
A slow rate of drying of recalcitrant seeds favours the progress of germination 
to a more advanced stage and, as a result, seeds become sensitive to desiccation and 
lose viability even if the original moisture content was high (Farrant et al., 1989). 
However, if dried rapidly before proceeding further along the germination pathway 
they can be dried to a slightly lower moisture content before viability is lost. 
Dehydration to above-lethal moisture contents causes sub-lethal damage of seeds 
which can be repaired by the addition of water; such seeds germinate slowly because 
it takes time for the damaged cells to be repaired. The stage where additional water is 
required in recalcitrant seeds appears to coincide with the onset of cell division and 
increasing vacuolation, and it is with the onset of these events that imbibed, 
germinating orthodox seeds also become irreversibly sensitive to desiccation (Berjak 
et at., 1984; see Farrant etal., 1988). 
Desiccation tolerance in orthodox seeds is expressed at the protoplasm level and 
when rehydrated they have the ability to limit and reverse any damage caused by 
water loss and retain metabolic integrity: however, rapid water loss is more injurious 
than slow drying (Berjak et at., 1990). According to King and Roberts (1980), 
orthodox seeds have lower moisture contents than what is required for germination 
when they fall from their parent plants, while recalcitrant seeds are fully imbibed and 
capable of immediate germination. The latter are normally shed at water contents in 
excess of 80% and can withstand the loss of Water to approximately this level. 
Between 80 and 28% water content sub-lethal damage can occur - this is more 
tolerated with rapid than with slow drying (Pammenter et at, 1991). A high 
proportion of water in the cell is associated with large molecules, proteins, and sub-
cellular structures (vicinal form) and it is this vicinal' water which has a role in 
maintaining the stability of these structures (Berjak et at., 1984). The level of vicinal 
water is higher in recalcitrant seeds because there is no decline in metabolism 
associated with maturation drying as in orthodox seeds. 
Some investigators have established certain formulae in which seed moisture 
content or other parameters can be predicted. According to Ellis et at. (1991a), 
orthodox seeds are those which not only tolerate desiccation but whose longevity is 
thereby improved in a predictable way. Hence, the seed viability equation, 
The concept of water closely associated with macromolecular surfaces having a structure imposed 
upon it, is now widely accepted and the concept and some of the biological consequences have been 
reviewed (Drost-Hansen, 1971; Drost-Hansen and Clegg, 1979) cited in (Berjak et al., 1984). The 
properties of this structured or vicinal water are considered to be rather different from those of bulk 
water. The cellular microtrabecular lattice (Porter and Tucker, 1981) would increase the surface area 
available for imposing structure on cell water, and it is probable that a high proportion of water in a 
cell is of the structured, vicinal form. Such structuring would allow for the ordering of 'soluble' 
cytoplasmic components such as the multi-enzyme systems of a cytoplasmic metabolic pathway. 
Furthermore, the presence of vicinal water associated with subcellular surfaces and macromolecules 
may be important in maintaining the stability of these structures (from Berjak etal., 1984). 
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SL = antilog (6.49 - 0.269 in - 0.052 TE) 
where 
SL = Storage Life (days) 
in = moisture content (% wet basis) 
TE = Effective Temperature (°C) 
is used to predict the life span of the seeds in store. As temperature falls, the 
recommended moisture content rises; e.g. at 30 °C the moisture content is 9.6% and 
at 10 °C the recommended moisture content is 13% (O'Dowd and Dobie, 1983). 
Similarly, a Seed Survival curve could be formulated as follows: 
v = K1 - p/a, 
where 
v =probit2 of percent viability 
p = storage period (days): indicator of longevity 
K = constant, the initial % viability (probit value) 
a = standard deviation of distribution of seed deaths with time. 
The genotype and pre-storage environment (conditions during ripening, 
harvesting, drying and processing) affect the value of Ki but not a, whereas the 
storage environment (temperature and moisture contents) affect the value of a but not 
K (Roberts and Ellis, 1984). Viability may therefore be affected by pre-storage as 
2  Probit analysis is the transformation of percentage or proportion of experimental results whereby a 
straight line is obtained. A slope of the line can be calculated to predict on the average, the probit 
values for the line for any values of the treatment on the x-axis. A normal sigmoid curve is 
transformed to a straight line when the ordinates are measured on a linear scale of probits instead of 
percentages (Finney, 1971). The probit value is positive when probability, P > 50%, 0 when P = 
50% and negative when P <50%. In the seed storage experiment, seed death is normally distributed 
over time and hence a sigmoid curve can be transformed to a straight line on a probit scale. The 
time it takes for the seed to decline down to 50% viability can be predicted since this percentage is 0 
on probit scale. 
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well as storage conditions. According to Wang (1988), the quality of seeds is 
affected by four main factors: seed harvesting, cone handling, seed processing and 
seed storage. Similarly, Adam et at (1989) claimed that seeds collected from the 
upper portion of the canopy exhibited higher viability than those from the lower 
portion, perhaps because of less photosynthesis of the latter which had more 
environmental stress during their relatively long stay on the parent plants. 
2.2 	Physiology of seed desiccation 
Seed maturation and drying are important and in many cases a prerequisite for 
physiological development. Certain chemicals are involved in seed maturation during 
embryo development: abscisic acid (ABA) appears to be important in maintaining 
embryogeny and suppressing germination during the phase of rapid embryo growth 
preceding desiccation Finkelstein et at (1985) but Tompsett (1984) showed that 
seeds of four of the Araucaria species (A. araucana, A. angustafolia, A. hunsteinii 
and A. bidwilli) cannot be safely dried below 25-40% moisture content, just fitting 
into the storage physiology groups described by Roberts (1973), and these are thus of 
the recalcitrant type. It should be noted that desiccation has an effect on tissues as 
some of the water is part of the tissue structure. Desiccation may have a metabolic 
effect on the cell and metabolic activity - especially enzymes of the dehydrogenase 
group - has been shown to be closely correlated with seed viability (Hanson, 1984). 
These enzymes are involved in many metabolic reactions and their failure could cause 
loss of seed viability or non-germinability of the seed. 	The structural and 
physiological factors that make seeds sensitive to desiccation are poorly understood. 
Hanson (1984) suggested that three areas of damage may be involved (i) cell 
membranes, (ii) enzymes and hence protein synthesis, (iii) chromosomes. Solute 
leakage from tissues is generally considered to be a good indicator of structural 
damage. 
Protein structures resist and tolerate high temperatures during desiccation of 
seeds. The ability of desiccated systems to withstand high temperature is a 
consequence of the increased resistance of proteins to denaturation upon dehydration 
(Leopold and Vertucci, 1986). Tolerance to high temperature is due to the 
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immobilisation of protein structures as the hydrogen bonds are lost; at low 
temperature denaturation is due to the lack of sufficient heat to avoid freezing damage 
to the seed which occurs at water contents of above 35%. 
According to King and Roberts (1980) the reason for a fall in viability with 
declining temperature (in, for example, cacao, Theobrorna cacao) could be: 
the presence of some temperature dependent reaction, the cessation of 
which causes lethal disruption; 
the absence of some protective substances which is present in chilling-
tolerant seed; 
liberation of certain toxic substances to cold-induced changes in 
membrane permeability. 
Ibanez and Casa (1956b) in King and Roberts (1980) also pointed out that seeds 
of cacao were killed by a factor released at low temperature and this factor could be 
destroyed if the seed is subjected to heat, showing apparent reversibility. However, it 
would appear that it is the central region of the seed or embryo axis which is 
particularly susceptible to damage, and this depends on the period of exposure to low 
temperature as only the outer layer of the seed will have a chance to cool in short 
periods. 
2.3 	Seed injury 
2.3.1 	Desiccation and temperature 
Many investigators have dealt with causes of seed injuries and recommended 
possible solutions. For example, although the excised embryos of oil palm (which is 
assumed to be recalcitrant) resist desiccation, this does not protect against lethal 
injury after prolonged exposure to -18 °C where the injury could be due to 
intracellular freezing or the extreme cellular dehydration that can occur as a result of 
extra-cellular ice formation (see Grout et al., 1983). According to Hanson (1984) 
storage of desiccation-sensitive seeds at sub-zero temperatures is not possible because 
ice crystals are formed within the cells resulting in damage to organelles and 
membranes, and the higher the moisture content the greater this problem. On the 
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other hand, freezing temperatures do not harm desiccation-tolerant seeds because 
supercooling prevents the formation of ice crystals and also the endosperm may be a 
barrier to the internal propagation of ice crystals from outside, as in lettuce for 
example. Bradbeer (1992) cited air-dried seeds showing great resistance to long 
exposure at temperatures between -20 and -196 °C. Many tropical seeds are killed 
because of chilling injury if stored between 10 and 12 °C, perhaps these species have 
never been subjected to selection pressure for this character (Hanson, 1984). 
Furthermore, some tropical seeds (e.g. cacao and mango) cannot withstand 
temperatures lower than 10 °C (Roberts and King, 1980), or 10-15 °C (Fu et al., 
1990). Newmarch (1979); Tompsett (1981) cited in Ezumah (1986) reported that 
cold storage has an adverse effect on the viability of neem (Azadirachta End/ca) seeds 
which do not store well at 6-11 °C. 
In some cases, seeds should be pre-chilled before rehydration. For instance, 
Jones ci al. (199 1) reported that seeds of noble fir need to be moist to respond to pre-
chilling and to this end, ways to achieve rehydration which avoid immersion in water 
have to be investigated. Some researchers use a hydration-dehydration technique to 
maintain the life span of seeds (Chin, 1988). Similarly, Ponnuswamy ci al. (1991) 
recommended a hydration-dehydration treatment (with 10-4  M disodium sulphate) 
during storage for prolonging the viability of Ailanthus excelsa for example. Seeds 
which are hydrated, dried back to their original weight and rehydrated did not suffer 
impaired germination or vigour, provided the dehydration was performed prior to the 
transition from a desiccation-tolerant to a desiccation-sensitive state, which coincided 
with the initiation of radicle elongation (McKersie and Stinson, 1980). 
Koster and Leopold (1988) reported a loss of desiccation-tolerance with an 
increase in reducing-monosaccharide content, and the accumulation of these reducing 
sugars in a drying seed could lead to the occurrence of the Maillard reaction in which 
protein and nucleic acid damage threaten the viability of seed. The mechanism of 
protein and nucleic acid damage should be known. 	During desiccation, 
monosaccharides or sucrose in the non-crystalline form react with the seed's cell 
membranes and the hydroxyl group of sucrose replaces structural water, a reaction 
which cannot be reversed. Bewley (1979) agrees with the concept that an embryo 
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starts to develop during imbibition and reaches a desiccation-sensitive phase when 
irreversible changes occur on subsequent drying. 
Several researchers have reported that chilling can cause physiological damage 
to seeds. The decline of membranal lipid fluidity during chilling results in changes of 
membrane thickness, membrane permeability, cation concentration and the consequent 
alteration in the conformation and the activity of enzymes which can be lethal to seeds 
(King and Roberts, 1980). 
2.3.2 	Micro-organisms and physical damage 
Seeds stored for long periods can undergo physiological changes and may also 
be attacked by micro-organisms and/or insects. Lesions arising in the aleurone layer 
of aged seeds, in addition to those found in embryo tissue, may have a significant role 
to play in loss of viability during storage (Livesley and Bray, 1991). Although 
physiological changes of seeds accompanying physiological ageing and attack by 
storage fungi (primarily certain Aspergillus species) have been catalogued, the basic 
biochemical events leading to these changes are not known (Harman and Mattick, 
1976)). Storage under high temperature, moisture content and oxygen tension causes 
aging of the seeds resulting in membrane damage which increases the risk of infection 
by microflora and also of imbibition injury (Pandey, 1989). Warham (1986) 
considered it possible that damage to and deterioration of seeds for commercial use is 
greater in tropical than temperate regions because (1) mechanical, transported seeds 
are subjected to bouncing and vibration on the poor roads, (2) biological, because of 
insect infection, micro-organisms attack the seeds through the holes drilled by insects, 
(3) climatic, that there are prolonged and frequent precipitation, high humidity and 
temperature. 
The problem of fungal association with seeds has to be solved by regular 
checking of samples in the laboratories. According to Hewett (1987) some seed-
borne fungi maintain their identity after many years of cold storage of seeds and hence 
all accessions should be tested on receipt or before distribution from storage. To 
maintain viability freshly collected recalcitrant seeds should be exposed to hot water, a 
fungicide, or both to inhibit the activity of micro-organisms, and be kept in a humid 
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environment just below full hydration by enclosing them in a thin polyethylene bag 
which is closed but not sealed to allow gas exchange (oxygen is required in moist 
storage whether seeds are recalcitrant or orthodox) (Roberts et al., 1984). 
Researchers recommend various storage media for seeds, the type being 
commonly based on the character of seed species. 	Roberts et al. (1984) 
recommended the media to be moist and inert in a cool condition (e.g. charcoal or 
sawdust), or in a closed container over an appropriate saturated salt solution (e.g. 
copper sulphate) or osmotica (such as solutions of polyethylene glycol to control 
water potential). For orthodox seeds air-tight containers result in a high CO2/02 
ratio, regarded as a favourable condition to prolong the life span of seeds (Thapliyal ci 
al., 1991). For example, bamboo showed better germination after this type of storage 
at 6.6% moisture content. The most successful method of storing recalcitrant seed is 
by sealing the seeds in polyethylene bags, which reduce water loss and permit gaseous 
diffusion, provided microbial growth is kept to a minimum (King and Roberts, 1980). 
Thus Coffea arabica has been maintained for 2.5 years at storage conditions of 41% 
moisture content and 15 °C. However, it is also reported that the optimal storage 
condition for Coffea arab/ca is close to 10-11% moisture content and 10 °C (Hong 
and Ellis, 1992a). Metal cans and glass bottles with tight-sealing threaded caps and 
good quality laminated aluminium foil can be recommended as watertight. Other 
research has shown that polyethylene was only moisture proof at low temperatures, 
cotton paper bags absorbed the greatest amount of moisture and where levels 
exceeded 14% there was a possibility of ice crystals forming within the tissues (Freire 
and Mumford, 1986). Because of the high moisture content needed for recalcitrant 
seeds aeration is essential since respiration would otherwise reduce oxygen 
concentration and eventually shorten the storage life (Roberts and King, 1980; King 
and Roberts, 1980; Tompsett, 1984). 
The problem of recalcitrance remains with us for some time unless a great 
diligence is shown in researching into the biology and the physiology of those seed 
species. The abnormality of recalcitrant seeds is not only that they are sensitive to 
dehydration but also that they shed seed before moisture is reduced and before the 
intracellular compartmentation, characteristic of seed maturation, is complete. It is 
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likely that the inability to produce a certain polyunsaturated fatty acid causes this 
peculiar behaviour (Pen, 1988): there is a concomitant loss of mitochondrial integrity 
with the loss of water by recalcitrant seeds and as a result a decrease in respiratory 
enzymes (Nkang and Chandler, 1986). 
Furthermore, Berjak et al. (1984) in Farrant et at. (1988), suggested that 
recalcitrant seeds lack the mechanism of allowing drying to low moisture contents; 
this may be partially due to the inability at any stage to form membrane structures 
capable of stability in a water-depleted micro-environment such that when these seeds 
are shed they have sufficient water to commence germination. However, many 
recalcitrant seeds have well developed seed coats which are membranous and 
impermeable to water, larger in size and heavier (Chin et at., 1984). 
Physiological membrane alterations and their effects have been studied by 
several researchers. Damage to the cell membrane or phospholipid causes leaching of 
seeds. During storage, autoxidation involves the production of free radicals from 
unsaturated fatty acids and these radicals may then damage cellular membranes, 
reacting with macromolecules or form hydroxides (Gorecki and Harman, 1987). 
However, it may be possible to use alpha-tocopherol as a reducing agent to quench 
the free radicals. Membrane alteration has been observed when seeds are desiccated 
below a minimum accepted level, involving a lipid phase change from a lamellar to a 
hexagonal structure (Becwar et at., 1982). 
It has also been noted that chilling, freezing and desiccation injury of seeds may 
all be connected with changes in membrane permeability. Today, an attempt at using 
cryoprotectants is coming to a success for some seed species or explants. For 
example, when the cryoprotectant dimethylsulfoxide (DMSO) was used for potato 
seeds and embryonic shoot explants at -196 °C (liquid nitrogen) and 33.4% moisture 
content, 86% of the seeds were still capable of germination (Grout, 1980 in Roberts 
et at., 1984). Similarly, long-term storage of some species like Shorea roxburghii and 
Mangifera indica is possible as long as germination blocking methods are devised 
without leading to excessive dehydration or risk of chilling injury (Corbineau and 
Come, 1988), and two such approaches could be by using solutions of suitable 
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osmotic pressure and cryoprotective agents to enable seeds or seedlings to withstand 
lower storage temperatures. 
In some cases, different parts of a seed may have different moisture contents 
(e.g. embryos/gametophyte and seed coat in A. grad//or). Since embryo condition is 
the main determinant of seed viability its moisture content should be considered more 
important than that of surrounding tissues and it may be necessary to store the excised 
embryo separately. The use of normal low temperature (0 to -20 °C) may not enable 
storage of seed embryos for the desired period of time. For example, the use of 
conventional, low temperature seed storage techniques is inappropriate for excised 
embryos of oil palm (which were assumed to be recalcitrant, although recently shown 
to have orthodox characters) since after cooling to and storage at the temperature of 
liquid nitrogen (-196 °C) the embryos do not lose viability (Grout et al., 1983). 
Likewise, although further work is needed to clarify the responses, Coffea arab/ca is 
also not truly recalcitrant, because after six months storage at 9% moisture content 
and -20 °C, viability is still being maintained at its initial value, suggesting that long-
term seed storage of this species may be feasible (Roberts et al., 1984). 
The genetic depletion in recalcitrant seeds may explain the relatively early 
shedding process, the lack of membrane organisation to reach the low moisture stage 
and the lack of ability to withstand low temperature condition (Pen, 1988). Because 
of a continuous destruction of the natural resources, it is necessary to maintain seeds 
by an appropriate storage technique. The method should be able to maintain seeds for 
at least the normal cycle of the plant (from sowing to first seeding). Seed storage in 
genebanks could aim at three objectives: 
to be labour intensive, 
to preserve old genotypes, and 
to save endangered species (Bradbeer, 1992). 
Seeds (particularly recalcitrant ones) might be stored according to the following 
alternative methods (Roberts and King, 1980): 
drying and storing at sub-zero temperature for long periods; 
cryogenetic storage at high moisture content (both for the entire seed or 
excised embryo axis); 
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3. 	traditional techniques - inhibiting germination in storage by applying 
chemical or osmotic germination inhibitors at ambient or sub-ambient 
temperatures and at moisture contents slightly below fully hydrated 
conditions; 
using far-red radiation; 
using antibiotics against micro-organism (if necessary); 
satisfying the probable need for oxygen (but at the same time preventing 
peroxidation which might alter membrane conformation). 
Some researchers do not accept the pre-soaking treatment beyond a certain 
period of time as it affects seed viability in storage. In seeds of jute (Corchorus 
capsularie and C. olitorius), the inhibitory effect of dehydration and water stress 
could be reduced by pre-soaking for six hours before dehydration, but it is noteworthy 
that for longer than six hours, pre-soaking may shift the seeds from a dehydration 
insensitive to a dehydration sensitive phase as a result of increased vacuolation of 
germinating seed due to increased hydration (Chowdhury and Choudhuri, 1987). 
Likewise, soaking of Podocarpus henkeiii seeds beyond two days has a depressing 
effect on germination causing darkening and loss of viability (Noel and Staden, 1975). 
Hard seed coats could be a problem for germination not only by restricting the 
passage of water and gases but also by physically stopping the embryos from 
elongation. King and Roberts (1980); Kariuki and Powell (1988) and Dodd et al. 
(1989) pointed out that the epimatium (seed coat) has chemical inhibitors within the 
endocarp in addition to acting as a physical barrier to germination. 
2.3.3 Germination 
2.3.3.1 	Physiology of germination 
Seeds give rise to a new generation of plants, serving to disperse a new 
generation in space and time eventually providing a form which is tolerant of adverse 
environmental conditions. Germination is a continuation from the past to a new 
generation, beginning with the zygote, and the separation of embryogenesis from 
germination is therefore clearly artificial when considering the development and 
function of such tissues as the cotyledons of legumes: in the life of a plant, seed 
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germination is perhaps the most precarious time, and hence, embryogenesis can be 
viewed as a preparation for successful germination (Dure, 1975). A seed has to be 
viable and non-dormant to continue a germination process and an orthodox seed 
needs to be dried after maturation prior to imbibition and resumption of growth of the 
embryo (Berjak et al., 1990). Desiccation is an important and, in some cases, 
essential developmental prerequisite for germination of orthodox (poikilohydrous) 
seeds whereas recalcitrant (homeohydrous) seeds undergo no maturation drying and 
apparently can not acquire desiccation tolerance. 
Generally, recalcitrant species are indigenous to areas with a continuously wet 
environment, and their seeds are normally shed into tropical forest where sufficient 
moisture is available for continued germination throughout the year. Zygotic 
embryogenesis (embryo development) ceases during maturation in angiosperms, and 
orthodox seeds enter a period of developmental arrest which prevents them from 
germinating before environmental conditions favour seedling growth (Finkelstein et 
al., 1985). 
In nature, germination of at least some wetland recalcitrant species is by 
hypocotyl extension and the ability of phasic root production prior to or immediately 
after seeding provides a mechanism contributing to the survival of such species, 
particularly where there is a high probability of short-term dehydration (Farrant et aL, 
1988). The actively growing embryos depend on their food reserves and digested 
endosperm tissues until the start of food synthesis. De Carli et al. (1987) indicated 
that both sporophytic (embryo) and gametophytic (endosperm) tissues have good 
reserves at the start of germination. However, the hypocotyl soon exhausts these 
reserves; together with the radicle it has a high growth rate and the cotyledons, apart 
from their storage function, can serve in the uptake and translocation of sucrose and 
other nutrients from the endosperm to the developing organs. Hence the rate of 
digestion in the megagametophyte is regulated by active loading of the cotyledons and 
this, in turn, depends on the nutritional requirements of the growing tissue. In 
Douglas fir, for example, lipids are the major food reserve in both gametophyte and 
embryo; in such dry seeds the embryo apparently grows at the expense of the 
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gametophyte with a loss of 8% of the total weight, probably for energy supply (Ching, 
1966). 
2.3.3.2 	Factors affecting germination 
For the start and progression of germination, the important factors required are 
moisture, temperature and oxygen. Light is necessary for most plant species. If seeds 
are dormant due either to physical restriction of embryo extension or inhibiting 
chemicals, they will not germinate even if the factors required for germination are 
met. Some kind of pre-treatment might be required to break dormancy. 
(i) Moisture requirement for germination varies between and within species. In 
fresh developing seed the surrounding tissue has an inhibitory role to germination; 
following drying (which may be natural or imposed) the same tissue has a promotive 
effect upon the switch to germination and hence, seed drying appears to play a direct 
role in post-germinative enzyme production (Kormode and Bewley, 1988). When 
recalcitrant seeds were subjected to dehydration, several researchers claim to observe 
an initial process of fast cell division and vacuolation. Berjak et al. (1984) pointed 
out that in the response of the recalcitrant Avicennia marina propagules to 
dehydration, there appear to be two distinct phases - an early stage of enhanced 
activity, followed by degradative changes ultimately leading to loss of viability and 
death of cells and it is suggested that this phase of enhanced activity (pregermination 
events) is a response to time not to seed water content, that occurs despite the 
dehydration and not because of it. 
Seeds have to reach at least a minimum stage of development to be desiccation-
tolerant and for resumption of embryo growth (Koster and Leopold, 1988). If they 
are dried before reaching the desiccation-tolerant stage of maturity or if they are dried 
after germination has progressed too far they will not germinate. Those which show 
recalcitrant behaviour germinate at a reduced rate if they are between the required and 
lethal water content because they have sub-lethal damage due to dehydration which 
can be repaired, but they do not germinate if they are below the lethal water content 
(Farrant ci al., 1986). 
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Some seeds are unable to germinate when they are highly dried and because of a 
big difference in water potential between the seeds and imbibition water. Although it 
is possible to dry many seeds down to 4 or 5% moisture content without damage it 
has now become evident that in most, if not all, of these cases, damage occurs not on 
drying but on rapid imbibition of water when the seeds are subsequently set to 
germination, and this can be avoided by free humidification (Roberts and Ellis, 1984). 
Each seed species has its own optimum moisture requirement for fast 
development in the germination pathway. There is no electron transport in the first 
hydration of germinating seeds, photosynthetic electron transport was observed in the 
second, and both photosynthetic and mitochondrial electron transport were observed 
in the third 'water-binding' level (Vertucci and Leopold, 1986). Thus, a shift between 
dormancy and non-dormancy states in (e.g. apple) seeds was observed at least when 
moisture contents were in or above the binding level II. In Avicennia marina, early 
changes observed in the root primordia are associated with the early stages of 
germination and in this respect, fresh seeds of the recalcitrant species Podocarpus 
henkeiii stored in an air-tight container at a water content of 184% germinated within 
a few weeks without the addition of any water. King and Roberts (1979) have also 
found that germination of some other species with recalcitrant seeds does occur in 
storage (Berjak et al., 1984). 
(ii) Temperatures which otherwise hamper metabolism and other cellular 
activity can have a significant effect on seed germination. The optimum constant 
temperature for seed germination is generally between 24 to 28 °C (Aiazzi and 
Argiiello, 1992) and germination is enhanced by alternating temperature between 20 
and 30 °C in combination with light-dark cycles. If seeds are to be tested in an 
alternating temperature regime a decision has to be taken as to which of the two 
temperatures to consider first (Ellis et aL, 1985). If the regime 20 °C/35 °C 
(16 h/8 h) is taken, two points should be noted. Firstly, seeds are subjected to the 
lower temperature (20 °C) first and secondly, seeds are exposed to the longer 
duration (16 h) of the two phases. Similarly, Noel and Staden (1976) considered a 
temperature regime of 20 to 35 °C for germination of Podocarpus henkelii and found 
the optimum to be 30 °C. 
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(iii) Oxygen is essential for the building processes in germination. Some 
compounds located in the seed coat trap oxygen and consequently hamper the embryo 
from getting access to this gas. For example, prolonged washing of Cistus 
iandan'fer, C. aibidus and C. iaurfolius seeds and low incubation temperature 
increased their germination (Corral et al., 1990); this might be related to the presence 
of phenolic compounds in their seed coats, the removal of which enabled oxygen to 
reach the embryos. Embryos of continuously soaked Podocarpus henkelii seeds 
developed abnormally, particularly with respect to the radicle and lower part of the 
hypocotyl; very few succeeded in emerging and this damage is probably due to 
anoxia, i.e. lack of oxygen (Noel and Staden, 1976). 
2.3.3.3 	Seed dormancy 
Dormancy is associated with seed germination and is one of the problems which 
hampers the propagation of some plants. However, seed dormancy has its advantages 
in nature, contributing to the survival of plants. Seeds may be categorised as non-
dormant, moderately dormant or deeply dormant, and seed dormancy has been 
classified as exogenous (physical, chemical, mechanical) or endogenous 
(morphological, physiological) or various combinations of exogenous and endogenous 
dormancies (FAO, 1985; Wang, 1988). 
Dormancy inhibits germination and it should be noted that when the seeds are 
not able to germinate due to dormancy this should not be attributed to loss of 
viability. According to Thapliyal and Nautiyal (1989) the seed pericarp inhibits 
germination through disallowing water uptake, gas exchange, penetration of light or 
escape of inhibitors from the embryo, exerting a mechanical restraint to embryo 
growth or containing an inhibitor. Some endogenous chemicals are also known to 
inhibit germination: for example, in peanut, dormancy is associated with endogenous 
ethylene and may be broken with ethephon (Harty, 1983). In some species a slow 
germination process is normally underway while the seed is still in storage, such seed 
tested for germination might show results in a shorter time than expected because of 
its cumulative germination capacity. 	Recalcitrant seeds such as Araucaria 
angustfoiia and Landolphia kirkii show enhanced rates of germination when stored 
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for short periods and then planted out, compared with newly shed seed, as a 
consequence of the initiation of sub-cellular germinative events (Farrant et al., 1989). 
The presence of inhibiting chemicals in the seed coverings is also one of the 
causes of dormancy: the leachates from seeds are found to cause other embryos to 
remain dormant (Bradbeer, 1992). Inhibitory chemicals can be effectively controlled 
by sufficiently chilling seeds until the cotyledon develops sufficient pressure to rupture 
the seed covering. In a large scale sowing experiment, seeds pre-chilled both before 
and after storage sown directly (or after rehydration to a moist condition at 12 °C) 
gave higher and faster germination than seeds which had not been pre-chilled (Muller 
and Bonnet-Masimbert, 1989). The moisture content at which each species' seed 
respond to their own specific dormancy-breaking treatment is different. For example, 
maple seeds, stratified at 5 °C and ~! 8% moisture content showed increased 
germination (compared with unchilled seeds) and dormancy was completely broken 
when the seeds were stored at the same temperature and 11% moisture content 
(Vertucci and Leopold, 1986). 
According to Ojera and Trione (1990) potassium nitrate and gibberellic acid 
solutions partially prevent the harmful action of 35 °C temperature in the germination 
process of some seeds. Fully developed orthodox seeds enter into a low viability 
stage after maturation and because of the presence of abscisic acid (ABA) do not 
show precocious germination; however, true recalcitrant seeds do not have 
germination blocks and some are found to be viviparous (Berjak et al., 1984). 
Germination is also affected by solute concentrations. Roberts and King (1980) 
cited the use of osmotic control since solutions of high osmotic potential inhibit 
germination by physiologically drying the seed. Similarly, Agamy (1986) pointed out 
that germination of the desert shrub Zygophylium dumosurn seed was found to be 
inhibited when the soil was initially extremely wet (-0.002 MIPa), or dry (410 to 
10.00 MIPa). At lower values of osmotic potential, germination rate is significantly 
decreased (Thanos and Skordilis, 1987); for instance, at -1.46 MIPa germination of 
Pinus halepensis begins after two or four weeks at temperatures of 20 °C and 15 °C 
respectively. 
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Light is essential for germination of some seed species. Mayer and Poijakoff-
Mayber (1975) in Ladeira et al. (1987) classified seeds on this basis as positively 
photoblastic (light is necessary for germination), negatively photoblastic (germination 
occurs only in the dark) or light insensitive (germination occurs either in light or 
dark). According to Hilhorst ci al. (1986), red light (R) together with (generally 
potassium nitrate) stimulates the biosynthesis of gibberellins (GA) to break dormancy: 
the combined action of R and nitrate can be replaced by addition of the gibberellin 4 
and 7 (GA4+7). The red irradiated seeds are antagonized by far red (FR) irradiation 
and the nitrate (KNO3 ) acts as a cofactor in the FR-absorbing form of phytochrome. 
Likewise, some species' seed are unable to produce growth promoting substances and 
these growth regulators which would otherwise activate germination (Pereira and 
Maeda, 1986; Okusanya and Ungar, 1983). 
2.3.4 	Micropropagation 
Micro propagation can be achieved: 
by initiating growth of axillary shoots, 
through growth and proliferation of existing apical shoots, 
by induction of adventitious meristems through either organogenesis or 
somatic embryogenesis, and 
through multiplication of callus from organs tissues, cells or protoplasts 
(Mantell ci al., 1985). 
Biotechnology offers the means not only for rapid and mass multiplication of the 
existing stock of germplasm but also for the saving of important, elite or rare trees 
which are threatened with extinction (Bajaj, 1986). One of the best achievements in 
this technology is somatic embryogenesis whereby large numbers of 'somatic seeds' 
are produced so that future afforestation programmes can be enhanced. 
In the area of plant biotechnology plantlet development involves the formation 
of embryoids which are eventually transformed into artificial seeds (Bradbeer, 1992). 
As they lack embryonic coats, they should be covered with suitable materials to 
protect them from desiccation and to prolong their viability. Ahuja (1993) reported 
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that in order to develop an efficient 'delivery system' for plants somatic embryos have 
been encapsulated to produce artificial or 'synthetic' seeds. 
Clonal technology is becoming popular in tree breeding programmes. There are 
many applications, including genetic conservation of endangered species and 
screening plants for superior quality. The massive destruction of plants for fuelwood 
and construction purposes could potentially be reversed through reforestation using 
micropropagation techniques for rapid plant production. 
The ability to regenerate quantities of plantlets from somatic embryos of 
superior trees (wood of better quality, fast growing, improved dimension increment) 
would improve existing reforestation programmes and be a major asset to the people 
(Hakman and Fowke, 1987). 
Remaining natural forests could be the base for improvement of genetic quality: 
we should not neglect to make use of the enormous existing potential of genetic 
variability in the population of most natural forests. While studies on genetic 
engineering are progressing, breeding and selection on the one hand and genetic 
engineering on the other can provide exceptional material for clonal material in the 
long-run (Ahuja, 1993). This technology will fulfil its potential for accelerated 
genetic improvement on a sustained basis if it is integrated with conventional tree 
breeding and selection programmes (Timmis et at., 1987). 
Clonal propagation has a significant time gain in tree improvement activities. 
One advantage of using cell culture is its potential for enormous multiplication rates: 
more than 100,000 plants can be produced from a few 100 ml culture within one 
culture generation (Mantell et al., 1985; Thorpe et at., 1991; Gupta et at., 1993; 
Ahuja, 1993). Furthermore, asexual embryogenesis offers several avenues of 
exploration in higher plants such as protoplast cultures and gene manipulation and the 
possible use of bioreactors for producing large quantities of somatic embryos (Thorpe 
et al., 1991). 
Tissue culture may expose variation from mutation via somatic recombination 
and deletion or induction of transposable elements. Somatic embryogenesis, in 
particular, has become an option for plant propagation in conifers, offering a number 
of previously unavailable benefits including higher potential genetic gains and their 
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capture much sooner than is possible from traditional programmes (Franclet et al., 
1987; Parfitt and Arulsekar, 1987; Tautorus et al., 1991 and A. John, pers. comm., 
Forestry Commission, NRS, 1994). 
The ability of Agrobacterium to be a natural plant genetic engineer could be a 
very good prospect for tree improvement through micropropagation techniques (Klee 
et al., 1987). Plant regeneration from protoplasts enables the exploration of direct 
gene transfer; somatic hybridisation and polyploidisation not only provide a method 
for producing new hybrids between sexually incompatible species but also facilitate 
the interspecific or intergeneric transfer of extra nuclear genetic elements (Tautorus et 
al., 1991). 
Another significance of tissue culture is the possibility of cryopreservation. 
Micropropagation is a potential system of germplasm storage, either as a source of 
material for cryopreservation or by maintaining materials for protracted periods under 
growth conditions (Mantel! etal., 1985). Embryo suspensor masses (ESM) which are 
produced through embryogenesis from elite seeds can be cryogenically stored while 
the rest are further multiplied, mature to embryos, and planted; after five to fifteen 
years, field performance data are used to select a smaller number of genotypes which 
are then propagated from cryostored material to meet reforestation needs (Gupta ci 
al., 1993). 
The importance of tissue culture techniques in controlling parasitic organisms 
which attack desired plant species should be noted. Pathogenic microorganisms can 
be circumvented in micropropagation because of the eradication of these organisms 
during sterilisation, and there is a lesser chance of infective agents on small explants 
compared with normal planting stock (Mantell et al., 1985). 
2.3.4.1 	Somatic embiyogenesis 
This is a process by which part of a plant is stimulated so as to produce artificial 
seeds or seedlings. This method of micropropagation is an alternative method of plant 
multiplication as it is presumed to solve seed shortages in the future. For large scale 
and economy in seedling production of forest species it is envisaged that somatic 
embi-yogenesis may be the only viable in vitro propagation method, and one of the 
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incentives for the use of this method is the potential ease in which artificial seeds will 
fit into the current seed-based technology (Wlann, 1989). 	In contrast to 
organogenesis, where shoots and roots differentiate sequentially on different stages, 
somatic embryogenesis is a one-step process (Ahuja, 1993). According to Boulay 
(1987) in Thorpe et al. (1991), there are several advantages of somatic 
embryogenesis: 
it represents methods of obtaining true rejuvenation from mature trees; 
costs will be reduced compared to adventitious budding; 
problems associated with field performance of plantlets will be eradicated; 
and 
large numbers of somatic embryos can be stored relatively easily in liquid 
cultures. 
Whether by an empirical or logical approach, it is possible these days to initiate 
plant tissues at the desired type of development. It has been reported that many 
higher plants have the ability to undergo somatic embryogenesis and the latter 
therefore represents the fullest confirmation of totipotency (Wann, 1989). The ability 
to induce pre-embryonic cells or tissues to simultaneously develop cotyledon and 
radicle ends is a breakthrough in itself. Thorpe et al. (199 1) pointed out that axillary 
and adventitious buds lead to plantlet formation via organogenesis through the 
production of unicellular shoots, while somatic embryogenesis leads to the formation 
of a bipolar embryo, often similar to zygotic embryogenesis. The ability to induce 
young seedlings to develop somatic embryoids is another gain in time and inoculation 
of cultures is easier to do than small zygotic embryos. Initiation of somatic 
embryogenesis in young conifer seedlings has been reported and an advantage of 
using germinated seedlings as explants is that labour-intensive procedure of dissecting 
embryos from seeds is eliminated (Tautorus et al., 1991). 
Initiation, maintenance and maturation of embryos must be done in sequence in 
vitro. 	The frequency of repetitive embryogenesis varies depending on the 
embryogenic line and the variability inherent in the different stages of the tissue being 
transferred (Tulecke and McGranaham, 1985). According to Tautorus et al. (199 1) 
the induction frequency for somatic embryogenesis from mature zygotic embryos of 
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Picea glauca was shown to vary with the provenance, seed longevity and the 
imbibition time of seeds. 
The type of embryogenesis depends on the cells or tissues to be initiated, and 
perhaps on whether or not they go through callus. Hypothetically there are two 
patterns of development, where somatic embryos are formed from Pre-Embryonic 
Determined Cells (PEDC) or Induced Embryonic Determined Cells (IEDC). 
Embryogenic callus is distinctly different from non-embryogenic callus in colour, 
texture and morphology (Wann, 1989). According to the hypothesis, cloning of 
PEDCs represents a method whereby embryogenesis can be of direct conversion to 
proembryos whereas IEDCs develop callus prior to the production of somatic 
embryos. 
Somatic embryos are believed to originate from single cells, whereas organs 
regenerate through collective organisation of many cells and therefore, plants derived 
from somatic embryos tend to be genetically alike, while those reared through 
organogenesis may result in a genetic mosaic (Tomar and Gupta, 1988; Bonga and 
Aderkas, 1992). However, several researchers claim that somatic embryos usually 
develop from embryogenetically competent somatic cells in vitro. 
Additional treatments may enhance the development of pre-embryogenic cells. 
According to Park and Son (1988) pin-punctured leaves of Populus nigra and P. 
rnaxirnowiezii were cultured on a medium containing 0.44 p.M BA and 2.26 pM 
2,4-D for embryogenesis resulted in embryoids. 
2.3.4.2 	Morp hogenesis 
In morphogenesis, shoots or roots can be initiated from adventitious or axillary 
buds and other plant parts with the appropriate growth regulators. Adventitious buds 
develop better on embryos cultured on media containing iO M to 10 M BA in 
Pinus contorta in a four week period (Arnold and Erikson, 1981). Explants from 50 
to 60 year old 'elite" trees of Dalbergia latifolia, cultured in vitro and pulsed with a 
certain combination of NAA and BA, proved to be very successful in callus induction 
and shoot regeneration (Rai and Chandra, 1988). Similarly, among the various 
growth regulators supplemented in the organogenesis and plantlet formations of 
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Dalbergia sissoo, only BA added singly or in various combinations with IAA, IIBA 
and NAA has shown callus formation and subsequent growth of shoots (Sharma and 
Chandra, 1988). 
Organ formation is also possible from callus in vitro. Although direct 
production of adventitious shoots from embryos is the most effective in vitro method 
of plant production, an alternate approach which is by far the most desirable for the 
application of genetic engineering techniques is the regeneration of plants from callus 
via embryogenesis or organogenesis (Noh et al., 1988). 
2.3.4.3 	Exp Ian ts 
The unique features of somatic embryogenesis in woody species are the type of 
explant employed, the extended period of somatic embryo development that may 
involve dormancy considerations and the distinct phenotype of embryogenic tissues 
(Wann, 1989). 
It should be noted that a juvenile plant is the best choice of explant. Juvenile 
tissues, such as those of the cotyledon and epicotyl, will respond to in vitro culture 
leading to de novo or direct organogenesis (Thorpe et al., 1991). 
It is generally true that cuttings from lower branches close to the trunk and 
orthotropic shoots that develop from the base of the trunk are more juvenile than 
branches from other parts. Total rejuvenation is gained simultaneously for all 
characteristics during zygote formation in the sexual process and during somatic 
nuclear embryo formation (Franclet et al., 1987). Roots are very often considered to 
be more juvenile compared with most parts of trees (Bonga and Aderkas, 1992). 
Competent cells undergo morphogenic growth but sometimes neighbouring 
tissues may hamper the development of these active cells. Bonga and Aderkas (1992) 
reported that the capacity of cells or tissues to initiate morphogenesis or 
embryogenesis may be governed by correlative controls exerted by surrounding 
tissues, and that these might be removed by "miniaturisation", i.e. excision and culture 
of the apical dome with one or two foliar primordia left attached. 
Identification of explants with the highest morphogenic ability is very important, 
especially for recalcitrant species; and in this respect researchers use markers to 
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identify the most juvenile tissues, like size, and shape of the shoot apical dome 
(morphological marker) or the ratio of endogenous auxin to ABA (chemical marker), 
both of which can indicate juvenility (Bonga and Aderkas, 1992). 
Embryo explants using the megagametophyte can be cultured in vitro for 
initiation of organs. Megagametophyte tissue serves either as a nurse tissue or as a 
buffer to screen the Pro-Embryo-Suspensor Complex from toxic constituents of the 
media (Wann, 1989). 
Both immature and mature embryos have advantages and disadvantages when 
used as explants. Immature or young embryos have many determined cells to 
undergo embryonic development and hence are advantageous. The main uses of 
mature embryos for somatic embryogenesis and reported by Bonga and Aderkas 
(1992) are as follows: 
it is difficult to extract seeds from immature cones; 
mature embryos remain viable for long periods; and 
immature embryos rapidly lose ABA by leaching if submerged in an ABA-
free medium which results in precocious germination. 
In seed embryo explants, callus can start developing from one or more parts of 
the embryo. In some conifers explants from immature or mature seed embryos gave 
rise to embryogenic calluses formed during the initial 1-3 months of culture and these 
calluses arose from suspensor or radicle tissue, or cells beneath the cotyledon, 
depending on the maturity of the explant embryo (Gladfelter and Phillips, 1987). In 
the same way, Wann (1989) suspensor tissue provides the most viable early-stage 
proembryos and it appears that embryogenesis is initiated here in Pinus and not from 
epidermal tissue as in Picea. 
Researchers have been keen to observe whether the megagametophyte or the 
zygotic embryo was more active in callus initiation. On this point Schuller et at. 
(1989) observed that in the culture of the megagametophyte containing an immature 
embryo, callus was originated from the zygotic embryo. 
Explant sources have also been an area of focus over the last few years. Some 
investigators have reported the advantages and the disadvantages of using explants 
from mature trees and the main disadvantage cited was the difficulty of manipulating 
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them in vitro. However, Bonga and Aderkas (1992) listed the reasons for wishing to 
clone mature trees as follows: 
I. 	some species are male or female sterile, or their seeds might be difficult to 
germinate (e.g. Musa); 
some species are severely decimated and are threatened with extinction 
(e.g. Leucopogon obtectus); 
some trees are poor producers of seeds, although they are fertile (e.g. 
Tectona grandis); and 
in some dioecious species (e.g. Carica candamarcensis and Phonix 
dactilfera) only the female trees have economic value; however, 
propagation by seeds would result in both the desired females and 
undesired males. 	Mature trees are therefore selected for 
micropropagation as they have been in the field long enough to show their 
superior value. 
As to the peak period of bud flush, there may be variations from place to place 
under natural conditions. In any case, the optimum period for morphogenesis seems 
likely to be in spring for both conifers and hardwoods. 
2.3.4.4 	Culture media 
In culture media, energy is required for metabolic activities of the tissues. It is 
apparent that there is an absolute requirement for an exogenous supply of 
carbohydrate as a carbon and energy source in cultured plant tissues (Thompson and 
Thorpe, 1987). 
Nitrogen plays a very important role in in vitro culture just as for any other 
growing organism. Both inorganic and organic nitrogen increase biomass production 
markedly, in addition to stimulating the growth of plant cells and tissues in culture 
(McCown and Sellmer, 1987; Kirby et al., 1987). 
Similarly, macro- and micro-nutrients are required in tissue culture media in the 
right quantities and formulations and ionic strength. Micro-nutrients like Fe, Ni, Cu, 
Zn, etc are required by plants at least in small amounts for normal growth and 
development. Many plants could grow on a wide range of mineral salts, others appear 
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to be specific, and most species/genotypes reveal considerable growth differences 
when grown on different formulations of micro-nutrients (McCown and Seilmer, 
1987). 
2.3.4.5 	Growth regulators 
Cytokinins are generally used for shoot induction in plant propagation activities. 
Benzyladenine (BA) at a concentration of up to 25 pM is the cytokinin of choice and 
usually the only phytohormone required, although mixed cytokinins have proved 
beneficial in some cases (Thorpe et al., 1991). An appropriate combination of 
cytokinins and auxins initiate embryogenesis and organogenesis. 
Auxins are commonly used for root induction and in plant propagation. 
However, synthetic auxin 2,4-D has often been used for somatic embryogenesis and 
has been proved to affect the process (Wann, 1989). In the same way, Bonga and 
Aderkas (1992) claim that somatic embryogenesis in conifers is generally initiated on 
the same media as organogenesis, with in most cases 2,4-D used as auxin, and Thorpe 
et al. (199 1) also recommended auxin, usually 2,4-D or NAA (up to 50 pM). 
Abscisic acid (ABA) is involved in maturation of embryos in vitro in both 
angiosperms and gymnosperms (Gupta et al., 1993). By using ABA in the presence 
of activated charcoal, a suspension culture can be plated directly from the 
maintenance media to the development and maturation media, without going through 
regulator absorption or repeated transfers to ABA-containing media: in this way, 50-
100,000 somatic embryos per litre of settled cell suspension can be produced with 
desiccation-tolerance to less than 10% water content. 
High Frequency Somatic Embryogenesis (HFSE) and subsequent plantlet 
development are reported in cultures of Coffea arabica leaf tissue by using possible 
combinations of cytokinins (kinetin) and auxins (2,4-D or NAA). Somatic embryo 
formation has been observed in a number of secondary or tertiary cultures grown on 
an induction medium containing reduced concentrations of kinetin and auxin at a high 
concentration ratio (Söndahl and Sharp, 1977). Sometimes, initiated calluses are 
transferred to the same, but hormone free media. In embryogenesis of Picea glauca 
and Picea mariana, callus initiation was achieved by supplementing the media with 
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2,4-D (1 x 	M) and BA (5 x 10-6 M); for further development, calluses were 
transferred to the same media either lacking growth regulators or containing them at a 
reduced level (5 x  10- M 2,4-D) and (5 x 10-6 M BA), incubated at 25 °C (Hakman 
and Fowke, 1987). Benzyladenine and kinetin can initiate shoot regeneration from 
callus in combination with auxin, when used at appropriate concentrations (Minocha, 
1987b). There should also be an optimum range of concentrations of growth 
regulators in culture media. The phytohormones 2,4-D and BA have commonly been 
used at concentrations of 10 and 5 p.M respectively, to both induce and maintain 
somatic embryos of most species (Tautorus et al., 1991). Likewise, the optimum BA 
concentration for shoot induction in many hard-wood species is recommended (Bonga 
and Aderkas, 1992) to be between (10-6  M and 5 x 10-6 M). According to Scott ci 
al. (1988) embryonic axes of Shorea roxburghii (timber species) can be used to 
induce development of axillary shoots when cultured in the presence of BA (0-10 mg/ 
£). Some researchers induce explants with a basal medium in the presence of growth 
regulators and glutamine. 	Thus, cotyledons of walnut were cultured on a 
conditioning medium containing 1 mg/ BA, 0.01 mg/i IBA, 2 mg/i KIN, and 250 
mg/e 1 -glutamine added to the basal medium which was sterilized for 20 minutes at 
121 °C and embryogenesis was observed (Tulecke and McGranaham, 1985). 
2.3.4.6 	Culture environment 
The quantity of agar used in the medium is very crucial in tissue culture. A low 
quantity of agar or too much water in the culture environment can create high 
humidity, and in a high humidity environment there is little transpiration. Calcium can 
not be remobilised in a very humid culture environment and this condition could cause 
necrosis, i.e. death of shoot-tip (McCown and Sellmer, 1987). According to Gaspar 
ci al. (1987), nitrification and high relative humidity in the culture environment could 
be controlled by taking the right: 
size and type of container, 
type of culture vessel closure, 
type and the concentration of agar (Difco Bacto Agar 11 g/), 
climate parameters of the culture room. 
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Some people consider that gases like ethylene and carbon dioxide promote 
organ formation in cultures. Shoot forming cotyledons produce considerable amounts 
Of C2H4 and CO2 and the effects of these gases are possibly synergistic and necessary 
in order for the cytokinin in the medium (BA) to bring about the switch in 
morphogenesis from the normal maturation of the cotyledons to shoot bud 
differentiation. However, if excessive amounts of these gases are allowed to 
accumulate within the flasks after the first 15 days in culture, the process is partially 
reversed, i.e. dedifferentiation of the shoot buds and browning of the cotyledons at the 
cut ends (Kumar et aL, 1987). 
The pH of the culture media also has an optimum range from 5.5 to 5.8 for 
example. Minocha (1987a) reported that pH has a direct effect on growth media for 
plant growth cultures; it precipitates certain cations at higher pH values thus reducing 
the availability of these ions to cells. 
Temperature is a very important factor in culture media as it affects the rate of 
metabolic processes and investigators dealing with recalcitrant tree species should 
give more attention to temperature (Chalupa, 1987). Researchers use different 
temperatures depending on the nature of the species. However, there should be lower 
and upper limits. Incubation temperature for culture activation seems to range 
between 20 and 28 °C. 
Gases may be generated in culture media because of biochemical interactions. 
Oxygen is available and essential for metabolic activities. However, other volatile 
gaseous substances (e.g. carbon dioxide, ethylene, ethane, acetaldehyde and ethanol) 
may accumulate in the culture vessel and influence growth and morphogenesis 
(Thorpe et al., 1991). 
Light energy is required in tissue culture for morphogenic development. The 
photosynthesis carried out by most in vitro cultures is relatively low and hence they 
mainly depend on an external sugar supply. 	However, in the light-induced 
development of structures the receptor system acts as a switching device which sets 
the morphogenetic process in motion (George and Sherrington, 1984). 
The quantity of light energy might be different at different stages of culture 
development. Murashige (1974) in George and Sherrington (1984) suggested that an 
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optimum level of light energy (illumination) was 18 imo1 photons m 2 	(stage II) 
from a white fluorescent tube, while illumination of 54-181 imol photons m 2 s1  was 
usually necessary for stage III when the plantlets are transferred to an external 
environment. 	The light characteristics which most influence growth and 
morphogenesis in vitro are wavelength, flux, density and the duration of light 
exposure (George and Sherrington, 1984). 
3. 	Gaps in knowledge 
As seen in the previous sections, much is known already about seed viability, 
germination and propagation of particular species, and from this it is clear that species 
behave quite differently from each other. The species in the present study have 
scarcely been investigated in a systematic way even though their potential importance 
is very high. Particular gaps in our knowledge, for the present species include the 
following: 
Afrocarpus grad/br 
No studies are available in which the effect of combinations of moisture content 
and temperature have been investigated with a view to prolonging the viability 
of seeds. 
Although there are some germination studies the results are widely inconsistent 
between seed batches. 
No tetrazolium chloride tests have previously been tried, as a means of rapidly 
estimating the viability of seed in store. 
Studies on rapid micropropagation techniques such as axillary bud induction and 
somatic embryogenesis are not available. 
Eke bergia capensis and Pygeum africanuni 
The reasons for low germinability of these species are not known. 
The effects of various seed storage temperatures on viability have not been 
studied. 
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Before devoting time and money to build an infrastructure for collection, 
handling and storage of germplasm, it is important to investigate the basic properties 
of the material as far as can be done in controlled conditions. Such studies should 
enable us to draw up experimental protocols which ensure the maximum probability 
of success. Once the right conditions have been defined, the procedures can be scaled 
up for commercial implementation. 
Specific objectives of the work 
This thesis is divided into eight chapters, each addressing specific aspects of the 
general problem of conservation and propagation of forest trees in Ethiopia. 
Chapter 1: This sets the scene and defines a number of problems to be tackled in 
Chapters 2-8. 
Chapter 2: The objectives here are two-fold. 
To investigate the causes of low germinability in A. gracilior, E. 
capensis and P. africanuni, and to determine specifically whether 
germination is reduced by dormancy or simply by the lack of proper 
conditions for storage. 
To investigate the trend of declining viability in seed storage. This is an 
important practical investigation as it is required to define the way in 
which seed storage in commercial conditions may be managed. 
Chapter 3: The objective here is to estimate the viability of Afrocarpus gracilior 
seeds in storage with various moisture content and temperature 
combinations using the tetrazolium method, which is independent of 
germination inhibitors, and to compare the results with those of the 
corresponding germination tests. 
Chapter 4: This chapter is devoted to preliminary studies on seed storage 
conditions. The objectives here are to investigate optimum seed storage 
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conditions, using different combinations of moisture content and 
temperature, to prolong the viability of A. gracilior. 
Chapter 5: The problem to be solved here is lack of knowledge of how to maintain 
seed viability and therefore, an experiment was carried out to determine 
optimum storage moisture content and temperature combination to 
prolong the viability of A. gracilior seeds. Some inadequacies in the 
germination methodology which were identified in Chapter 4 are 
corrected in this chapter. This experiment was done on a different lot to 
that of Chapter 4, so that variations in germination results are studied 
between the two seed lots. It was considered necessary to compare 
results of the three storage experiments in Chapters 3, 4 and 5 and to 
demonstrate their correlation graphically. 
Chapter 6: Some of the problems of deforestation of A. gracilior could be partially 
overcome by developing in vitro culture and rapid micropropagation 
techniques for this species and applying them to plant production. 
Various shoot and root induction techniques reviewed in the previous 
section are tested on this species to study the responses they produce. 
This chapter also deals with the rooting of in vitro propagated shoots in 
ex vitro environment under various treatments like rooting hormone and 
light levels. The response of in vitro propagated plants of this species to 
the natural environment through acclimatisation is also observed. The 
ultimate objective of the in vitro studies is to investigate whether the 
plants produced can survive transfer to greenhouse conditions and 
subsequently field conditions. 
Chapter 7: Experiments to investigate the possibility of forming somatic embryos 
from zygotic embryos via somatic embryogenesis were carried out. It 
was indicated in the previous section that there is potential for use of 
somatic seeds in modern seed-based biotechnology. The development of 
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somatic embryogenesis techniques will pave the way for future genetic 
improvements in this species through gene transfer techniques such as 
Agrobacterium transformation. 
Chapter 8: The objective of this chapter is to summarise the main points of the 
experiment and re-evaluate the points of introduction with regard to the 
results. 	The chapter also suggests future strategies for seed 
procurement and propagation techniques of forest species. 
I 
CHAPTER 2 
Germination studies on three Ethiopian native species: Afrocarpus 
gracilior, Ekebergia cape/isis and Pygeum africaiwm 
2.1 General Introduction 
There is a wide range of ecological zones in Ethiopia, and a corresponding 
variety of indigenous forest tree species, two of which are conifers (Afrocarpus 
grad//or and Juniperus procera). Remnants of the original dry evergreen forest are 
found in the northern, central and south-eastern zones and humid forest types in the 
south-western zone (Mesfin ci al., 1987; Bekele, 1993). 
No clear data are available regarding forest cover before the introduction of 
mechanised exploitation but several reports indicate a figure of about 40% in the mid 
20th century. Today, the overall forest cover is estimated at between 4% (various 
Government reports) and 13% (FAO, 1995), both less than the mean for Africa 
indicated in Chapter L 
Natural forests have been cut down mainly for industrial timber, expansion of 
farmland, fuel and construction wood, and it has taken a long time for the impacts of 
clear felling to be recognised. In some places, it is too late for the ecosystem to 
recover: it is much easier for natural forest to recover from surviving remnants than 
from bare land. 
Some of the attempts to restore forest cover in the last 30 years appear to have 
accelerated the destruction of natural forest. For example, in some areas planning has 
been based on complete removal of the non-industrial indigenous species and their 
replacement by industrial indigenous and exotic species. Thus accessible forests, 
mainly over-mature remnants of I procera and A. gracilior with the few hardly 
merchantable secondary species such as Olea chrysophyia, 0. hochsietteri, Pygeum 
africanum, Cell/s kraussiana, Ekebergia rueppeliana, Pouter/a ferruginea etc, have 
been cleared and replaced with I procera, A. gracilior, Cupressus and Pinus species 
according to Haile (1961). Some of the species suggested for reforestation (e.g. A. 
gracilior) are shade demanding and would regenerate better under forest conditions 
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using selection or shelterwood rather than clearfelling systems. However, many of the 
secondary species are economically important (e.g. Ekebergia spp., Ogata, 1991) and 
Breitenbach (1963) reported that Pygeum africanum is a useful timber for lorry 
bodies, bridge decking, heavy constructional work, strong furniture and veneers. 
From an ecological point of view the mixed forest should be kept intact: the 
advantages of maintaining the ecosystem in general and getting many other direct 
benefits are enormous. Mixed forests are also important for shade demanding species 
such as Coffea and young Afrocarpus, which become yellowish due to photo-
oxidiation of chlorophyll if exposed to full sunlight (L. Negash, pers. comm., Addis 
Ababa Univ., 1992). 
Reforestation programmes have been launched in the last 20 years in an attempt 
to at least partially satisfy the demands of timber and fuelwood. These programmes 
have been undertaken mainly by non-governmental organisations in a fixed time 
period, planting fast growing exotic species. Some reports clearly underestimate the 
growth rate of the indigenous species: Pohjonen and Pukkala (1990) wrote: 
"Productive pioneer tree species suitable for plantation forestry have not been found 
in the Ethiopian flora ... otherwise feasible pioneer species e.g. Erythrina abyssinica 
and Cordia qfricana grow very slowly". However, the fact is, there are many 
productive pioneer species like Miliettia ferruginea, Croton niacrosiachys, Aibizia 
gurnrnfera, and no one doubts the competence of Erythrina abyssinica as a fast 
growing species. It should also be noted that slow growing species can also have 
valuable qualities such as high wood density, for example. 
One of the main consequences of clear felling natural forest is that soils are 
subjected to large diurnal trends in surface temperature and moisture, which can 
directly affect the soil microflora and more importantly the soil seed bank, the 
potential source of forest regeneration. Seeds can stay in the soil for many years until 
conditions are right for germination and forest cover is necessary to provide suitable 
environmental conditions for germination of natural forest species (Sevilla, 1987). 
Some species depend on the soil to maintain seed moisture content (in equilibrium 
with soil moisture) rather than their own seed protective structures: Noel and Staden 
(1976) reported that Podocarpus henkelii is doubly disadvantaged by its inability to 
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imbibe rapidly, even from a saturated substratum, and by its inability to control 
desiccation. The hard seed coat in Afrocarpus (Podocarpus) appears not necessarily 
to give protection against moisture loss as the seed loses water rapidly to about 10% 
moisture content even during drying under shade. 
A major problem of reforestation with indigenous species is propagation. Many 
forest species have some kind of seed dormancy such as seed coat dormancy (e.g. A. 
gracilior) or embryo dormancy (e.g. P. africanum) due to physical or physiological 
condition. Aqueous leachate from A. gracilior was shown to inhibit the germination 
of wheat seed and retard the growth of its own shoots in vitro and similar effects were 
observed with E. capensis and P. africanuni. The germination percentage of seed 
stored using conventional methods can fall rapidly, (e.g. 70 to 20% over six months 
for E. capensis). The reason for this low germination may be seed dormancy, 
condition (viability) or environment, and the effects of these factors are readily 
confused. The purpose of the investigation reported in this chapter is to devise 
methods that enable the germination of as many seeds as possible. 
This chapter describes a seed germination study of the three chosen species 
under laboratory conditions. Seed was stored for 12 months at a range of 
temperatures and with the moisture content determined on arrival from Ethiopia, and 
germination tests were carried out every three months. 
The physiology and dormancy mechanism of the three study species have not 
been investigated although it would be interesting to know what proportion of their 
seed germinates under natural conditions. It might be equally important to know 
whether or not animals (e.g. birds or primates) are involved in some kind of coat 
scarification: all the three species produce coloured fruits that they are attractive to 
animals but it is not known whether the hard shell passes through the guts of animals. 
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Objectives 
To explore reasons for low germinability of A. gracE//or, E. capensis and P. 
africanum seeds. 
To investigate the trend of decline in viability of these seeds. 
2.2 	Botanical description 
2.2.1 	Afrocarpus gracilior (Pilger) C.N. Page, comb. nov. 
Page (1988) described Afrocarpus as follows: "the species of Afrocarpus, all 
endemic to the African continent, have always been in a somewhat anomalous 
position in the Podocarpaceae. Modern treatments define Podocarpus as having 
fleshy receptacles to the female fruit, which the species of Afrocarpus do not. In 
lacking this character, they resemble Retrophyliuni and most species of Nage/a, but 
differ from both these genera quite strongly in vegetative characters." 
Furthermore Hair (1963), Hair and Beuzenberg (1958) and Quinn (1970) 
reported in Page (1988) that the cytological distinction of Afrocarpus from other 
allied genera is also substantial. Afrocarpus has n = 12 chromosomes, differing from 
Retrophyilurn with n = 10, Nage/a with n = 13 and the African species of Podocarpus 
with n = 11. Its modern distribution, entirely African (Congo, Ethiopia and Uganda 
and discontinuously southward to south and south-east Africa and the Cape) would 
suggest Afrocarpus is a relic genus of Gondwanan origin (Page, 1988). 
According to Breitenbach (1963) A. gracE//or is an evergreen dioecious tree 
attaining 45 m in height, usually growing between 1700 and 2500 m. Male cones are 
solitary or more rarely in groups of 2-3; fruits are solitary, each terminal on a short, 
racked or leafy auxiliary branchiet, thinly fleshy or shining, subglobose to ovoid, 10-
20 mm diameter, bloomed yellow-green to purple-black at maturity, the whole 
structure lacking an inflated receptacle, the outer layer of the seed coat forming a hard 
and woody shell at maturity. 
2.2.2 Ekebergia capensis Sparrm. (Syn. E. senegalensis A. Juss), 
E. rueppelliana (Fres.) Rich. (Breitenbach, 1963) 
A tree up to 30 in high, wood varying from very light pink to light brown-grey, 
fine-grained with conspicuously developed growth rings, soft and light (specific 
gravity: 0.62); leaves odd-pinnate grouped chiefly near the ends of the branches; 
flowers white, sometimes faintly tinged with pink, fragrant; fruit fleshy, globose, 
about 2.5 cm in diameter, containing two seeds (Breitenbach, 1963). 
2.2.3 Pygeum africanum Hook. f. 1864 (Breitenbach, 1963) 
Pygeum africanum (Prunus africana) bark 
A tree up to 35 in high, bole slim, cylindrical, normally very straight and clean; 
bark dark-brown; wood heavy (specific gravity: 0.82); flowers small, creamy white, 
fragrant; fruit red, depressed globose up to 1 cm in diameter, single seeded 
(Breitenbach, 1963). 
2.3 	Materials and Methods 
2.3.1 Afrocarpus gracilior 
The seed lot used for germination studies was collected in Lagalencha, Adaba, 
Ethiopia, 75"N 30°30"E, in January 1993. It was depulped and dried in the sun to 
the moisture content of 10%. Six kg of seed were transported to Edinburgh in July 
1993 by air and temporarily stored for 4 months at 10 °C. Germination experiments 
were carried out at Forestry Commission Southern Research Station, Alice Holt, 
where an alternating incubation temperature was available. 
Six hundred seeds were randomly taken and divided into two groups of 300 
each. One group was randomly selected as 'naked' and the second one as 'intact': in 
the former, the seed coat was split in a vice, carefully removed by hand and discarded, 
the gametophyte being placed in water temporarily until the seed coats had been 
removed from all 300 seeds. 
The germination medium was Garside Industrial sand No. 60 (0.3 to 0.7 mm) 
from Camas Aggregates, Bedfordshire. Prior to use, it was heated to about 120 °C 
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for two hours to eliminate micro-organisms. The sand was mixed with water in the 
ratio of 1 kg sand to 15 ml water (this ratio had been shown as optimal from several 
preliminary experiments). A tray 36 x  22 x  6 cm was half filled with the medium. 
One hundred seeds were sown in the sand in each tray at a depth of about 2 cm, both 
treated and intact seeds being sown in the same way. Each of the three trays of naked 
seeds were randomly allocated to germination temperatures of 20°, [20/30° 
(alternating 16/8 h)] and 30 °C, and similarly the three trays of intact seeds. The trays 
were placed in large plastic bags with the open ends folded and lightly sealed with a 
clip to maintain humidity, and kept at constant temperature in incubators. Under 
these conditions, moisture was retained for the duration of the experiment. 
Assessments were done every week for six weeks and germinated seeds were 
recorded and removed. 
2.3.2 Ekebergia capensis 
Two kg of seed were collected in Arbagugu, Ethiopia, 8°40"N 40°20"E, in May 
1994, transported to Addis Ababa and temporarily stored at Forestry Research 
Centre. The mesocarp was depulped while it was still fresh and the seed was allowed 
to dry in the sun to a moisture content of 21%. It was stored at a temperature of 10 
°C before it was transported to Edinburgh by air in August 1994 where it was stored 
at 4 °C in the Darwin Building. 
Part of the seed was taken to the Forestry Commission's Alice Holt Research 
Station, where nicking and temperature experiments were done. The remaining seed 
was left for one year in the store at 4 °C so that longevity of the seed was measured 
by germination tests every three months. 
In the factorial experiment of nicking and temperature three temperatures [20°, 
20/30° (alternating 16/8 h) and 30 °C] were selected for incubation. One hundred and 
twenty seeds were randomly taken from the population and nicked with a pair of 
scissors on the side opposite to the position of the embryonic axis. Twenty seeds 
were allocated to each temperature, and each treatment replicated twice. The intact 
seeds were allocated similarly. 
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The germination medium was Garside sand as mentioned above, prepared in the 
same way but using 20 ml of water with each kilogram of sand. Trays (21 x  15 x  6 
cm) were half-filled with the sand medium: the tray had 14 holes at the bottom for 
the removal of excess water and gas exchange. Twenty seeds were sown in each tray 
(about 2 cm below the surface) and each tray was placed in a plastic bag (as for 
Afrocarpus) in the constant temperature chambers. 
Assessments were done for germination every week, and the germinated seeds 
were recorded and removed. Dead seeds were also removed during the assessment 
period. Here, a seed was defined as 'dead' when an embryo lost robustness and 
identity as a result of microbial attack. 
2.3.3 Pygeuni africanuni 
Two kg of seed were collected in Lepis-Arsi, Ethiopia, 720"N 38°45"E, in July 
1994. The seed was transported to the Forestry Research Centre, Addis Ababa where 
the mesocarp was removed by hand while the seed was fresh, and dried in the sun to a 
moisture content of 20%. It was stored at 10 °C in Addis Ababa before transport to 
Edinburgh by air in August 1994. 
Germination tests following the combined treatment of nicking and temperature 
were undertaken at the Forestry Commission's Alice Holt Research Station using the 
same methods as described for Eke berg/a capensis. The remaining seed was stored at 
4 °C in the Darwin Building for longevity tests, as above. 
Germination assessments were carried out every week and germinated or 
decayed seeds were removed. Analyses of variance were used to analyse the data of 
these experiments. The assumptions implicit in ANOVA are: each observation is the 
sum of effects associated with factors in the experiment, interaction terms, and an 
error term; and the error term is normally distributed. 
47 
2.4 Results 
2.4.1 Afrocarpus gracilior 
As can be seen in Table 2. 1, seed coat and temperature play a significant role in 
the seed germination of this species. The interaction of the seed coat with the 
temperature was highly significant and its x2 value was higher than the effect of the 
seed coat or the temperature alone (Table 2.2). 
Germination (%) 
Incubation temperature 	
Intact seeds 	 Naked seeds 
(°C) 
20 	 2 	 1 
20/30 	 8 	 9 
30 	 0 	 81 
Table 2.1 	Germination percentage of intact and naked seeds of A. gracilior at three 
incubation temperatures (n - 100). 
Since there was no replication, it was not possible to produce an ANOVA in the 
usual way. However, Kempthorne (1952) shows that theoretical variance of the 
transformed proportions arcsin jgermination%/100 is 	and this can be inserted in 
the ANOVA table as an error term with effectively an infinite number of degrees 
(since this is a known value and not an estimate). F-values likewise have infinite 
degrees of freedom in the denominator, and are equivalent to x2  values: this 
technique is similar to 'analysis of deviance' (I. White, pers. comm., Forestry 
Commission, NRS, 1996). In this particular case, the error mean square, (where n 
= 100) is 0.0025 (Table 2.2). 
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Source DF SS MS 
Treatment 1 0.2002 0.2002 80.08 0.001 
Temperature 2 0.1953 0.0976 39.04 0.001 
Treat*Temp 2 0.4278 0.2139 85.56 0.001 
Error (Theoretical) 0.0025 
Table 2.2 	Analysis of variance for A. gracilior germination data: X2  values calculated 
from theoretical variance. 
Figure 2.1 	Cross-section and intact seeds of A. gracilior (bar 1 cm). 
The effect of seed coat, incubation temperature and their interaction are all very 
significant, (P <0.001, Table 2.2). The x2  value of 80.08 indicates that removal of 
the thick, hard seed coat (which is a barrier between the environment and the 
gametophyte with an embryo) is very important in germination of A. gracilior 
(Figures 1.2 and 2.2). 
Figure 2.2 	Germinating Afrocarpus seeds after the removal of seed coat (bar: 1 cm). 
2.4.2 Ekebergia capensis 
Results for germination tests 
In general, intact seeds germinated better than the nicked seeds, although there 
was no apparent difference at the alternating temperature of 20/30 °C (Table 2.3). 
The results showed that this species is sensitive to incubation temperature. The 
germination at an alternating temperature of 20/30 °C is much better than that at 
temperatures of either 20 or 30 °C for the nicked seeds. An incubation temperature 
of 30 °C appears to have been fatal for the nicked seeds but there was no difference in 
germination between 20/30 °C and 30 °C for intact seeds. However, intact seeds 




Intact Seeds Nicked Seeds 
(°C) 
20 52 (0.81) 27(0.55) 
20/30 37 (0.66) 40 (0.68) 
30 37(0.66) 2(0.11) 
Table 2.3 	Mean germination percentage of E. capensis (transformed values bracketed), 
n = 2. Each mean is based on two replicates. For transformed values, the 
Standard Error of the Difference, SED = 0.095, calculated from the error 
mean square. Each percentage was based on two boxes of 20 seeds. 
Analysis of variance revealed significant differences in germination % between 
intact and nicked seeds, incubation temperatures and their interaction. 
Source DF SS MS F P 
Treatment 1 0.202 0.202 23.36 0.003 
Temperature 2 0.227 0.113 13.12 0.006 
Treat*Temp 2 0.163 0.081 9.42 0.014 
Error 6 0.052 0.009 
Total 11 0.643 
Table 2.4 	Analysis of variance for E. capensis germination data. 
Seeds of E. capensis are illustrated in Figure 2.3. The seed coat appears to 
have weak points especially in the area of the embryonic axis. In a relatively aged 
seed (depending on a storage condition) microorganisms grow on the seed coat itself. 
This could happen even in storage at a temperature of 4 °C. The microorganisms, 
probably fungi, appear to infect the embryonic axis and the cotyledon. The cotyledon 
and embryonic axis were green and soon split the coat, allowing the possibility of 
photosynthesis during germination. 

Figure 2.3 	Intact, germinating and parts of Ekebergia seeds: (a) intact seeds (white bar: 
1 cm), (b) germinating seeds (bar: 1 cm), (c) longitudinal section of seed coat, 
cotyledon and embryonic axis (white bar: 1 cm), (d) naked cotyledon and 
embryonic axis (white bar: 1 cm). 
53 
Results of longevity tests 
Viability of the seed stored at 4 °C with a moisture content of 21% decreased 
steadily over storage periods of up to 12 months to less than 1% (Figure 2.4). 





0 	2 	4 	6 	8 	10 	12 
Months 
Figure 2.4 	Germination of E. capensis stored at 21% moisture content and 4 °C over a 
period of 12 months. 
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Viability decreased faster after six months in storage. Germination time 
(germination of 50% of the seed) was initially about three weeks but extended to 4-6 
weeks as the seeds aged. Viable seeds imbibe water, extend the embryonic axis and 
eventually carry the cotyledons out of the germination medium by the extending 
hypocotyl. Weaker seeds took longer to germinate: they split the seed coat as the 
radicle protruded form the tip of the cotyledons. Dead seeds were colonised by 
microorganisms and decayed. The possibility that seed could have tolerated lower 
moisture contents was not investigated because of time limitation and unavailability of 
fresh seeds (before being kept in storage conditions). 
2.4.3 Pygeum africanurn 
Results of germination tests 
It can be seen from Table 2.5 that nicked seeds germinated better than intact 
seeds, this difference increasing for intact and nicked seeds as the temperature of 





20 20 (0.46) 42 (0.71) 
20/30 17 (0.43) 25 (0.52) 
30 10(0.32) 15(0.40) 
Table 2.5 	Mean germination percentage of P. africanum (transformed values 
bracketed), n = 2. Each mean is based on two replicates. For transformed 
values, SED = 0.055. 
Analysis of variance revealed significant differences in germination % between 
intact and nicked seeds and between incubation temperatures, although there is no 
significant difference between the interaction of treatment and temperature (Table 
2.6). 
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Source DF SS MS F P 
Treatment 1 0.058 0.058 19.14 0.005 
Temperature 2 0.102 0.051 16.87 0.003 
Treat*Temp 2 0.019 0.009 3.06 0.121 
Error 6 0.018 0.003 
Total 11 0.196 
Table 2.6 	Analysis of variance for P. africanum germination data. 
Seeds of P. africanum are illustrated in Figure 2.5. The germination rate of 
Pygeuni was about 4-5 weeks. The embryonic axis was not visible in unimbibed and 
freshly imbibing seeds even under the microscope. After about two weeks of 
imbibition, a developing radicle was sometimes visible in dissected seeds. Protrusion 
of the radicle occurs close to the hilum and in the middle of the seed, and the epicotyl 
develops at the base of the radicle. The epicotyl is pinkish at first, soon changing to 
green (probably at the point when the embryo starts autotrophic life). 
Results of longevity tests 
Viability was tested every three months. In the first six months of storage there 
was no significant decrease but viability then fell drastically with no seed germinating 
after 12 months in storage (Figure 2.6). Some supporting tests indicated that 
germination after storage at temperatures of -5, 10 and 21 °C was poorer than at 
4 °C. Further investigation of moisture content *temperature interaction is required. 
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Figure 2.5 	Various developmental stages during germination of P. africanum seeds: (a) 
intact and dissected seeds (white bar: 1 cm), (b) radicle and emerging epicotyl 
at the base of the radicle (white bar: 1 cm), (c) depleted cotyledon, primary 
root and elongated hypocotyl with a pair of first foliage leaf (scale: 3 cm). 
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Figure 2.6 	Germination  of P. africanum stored at 20% moisture content and 4 °C over a 
period of 12 months. 
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2.5 Discussion 
2.5.1 Afrocarpus gracilior 
Results indicated that the seed coat of Afrocarpus is the main cause of poor 
germination in optimum germination conditions: for example, Noel and Staden 
(1976) reported that poor germination in Podocarpus is imposed by seed coat 
structures. Intact seeds can take up to six months to germinate and in some cases 
recorded failure to germinate is due to this low rate of seed development. In initiated 
and delayed germination, the causes appear to be lack of oxygen (if the medium is too 
wet) and low moisture. Come and Tissaoui (1973) cited in Noel and Staden (1976) 
reported that some embryos remain turgid and alive for several weeks and these 
embryos develop abnormally, particularly with respect to the radicle and lower parts 
of the hypocotyl and this damage is probably due to anoxia. 
Pre-harvest and post-harvest desiccation might have an effect on germination. 
Differential changes in the physical and chemical properties of the seed coat during 
drying could be one reason why different drying strategies have produced varying 
results with respect to germination capacity (Edwards and Mumford, 1985). 
Similarly, proper desiccation of developing seeds, whether prematurely or during the 
final stages of maturation, not only promotes germination on subsequent imbibition, 
but also results in the cessation of developmentally related synthetic events (e.g. 
reserve synthesis) and the onset of synthesis associated with germination and 
postgerminative growth (Bewley and Black, 1994). 
Physical maturity of a seed is very important for complete germination. If a 
seed has not put on mass enough to build cellular organelles (particularly cell 
membranes) cell contents might leach out resulting in seed death. Anatomical 
potential, i.e. the percentage of seeds that have the anatomical prerequisites (female 
gametophyte size and embryo length) for germination when physiological maturity is 
attained can be calculated to determine the anatomical development (Sahlen and 
Gjelsvik, 1993). 
On the other hand, the requirement of water for germination is simply contact 
with a film of water. Noel and Staden (1976) reported their studies on Podocarpus 
henkeili that those seeds from which a slice of the epimatium was removed before 
planting with the exposed tissue in contact with the moist substratum germinated at 
100%, whereas those with the exposed region upwards even with water-saturated air 
failed to germinate even after six months, indicating the failure to be the result of 
desiccation. 
A. grad//or is sensitive to germination temperature. The optimum germination 
temperature has been found to be 30 °C in this experiment (see Table 2.1). This 
agrees with the result obtained by Noel and Staden (1976) on Podocarpus henkelii. 
There was a wide difference between germination percentages for incubation at 20 
and 30 °C, as indicated by a significant X2  value (2 = 39.04, P = 0.00 1). 
If just enough water, the right temperature and oxygen are available, imbibition 
results in the expansion of the gametophytic tissues. At the same time, the embryo 
becomes enlarged and extended. In the presence of the seed coat the pressure which 
develops as a result of imbibition and vacuolisation can split the coat. The root cap 
was large and consisted of thick walled cells with large intercellular spaces and since a 
considerable force must be required to rupture the tough epimatium at germination, it 
is speculated that the root cap cells may act as a cushion for the emergent radicle 
(Dodd et al., 1989). This is very similar to what has been illustrated in the 
photographs, i.e. emerging radicles are tough and thick and presumably are 
sufficiently turgid to break the seed coat. It can be seen from Figures 2.1 and 2.2 that 
the proportion of the germinating embryo to the gametophyte is higher after 
germination has been initiated. 
In the initial imbibition, gametophytic tissue enlarges probably until the coat is 
broken. Although photosynthetic activity begins with the extension of hypocotyl 
beyond the gametophyte, the embryo still depends on the gametophytic food reserves 
long after that. As the cotyledons remain in contact with the female gametophyte for 
up to two months after germination, the mobilization of reserves of the female 
gametophyte may be considered as part of late germination in Podocarpus henkelli 
(Dodd et al., 1989). 
It has been shown in this experiment that germination is either delayed or very 
poor in the presence of the seed coat in A. gracilior. However, whether this delay is 
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simply due to mechanical restriction of the coat against the developing embryo or to 
chemical inhibition has not been specifically investigated. 
One of the supporting experiments in this work indicated that the organic 
compound, a diterpenoid lactone called nagiiactone-D, isolated from an aqueous 
solution of the seed coat of A. gracilior, can completely inhibit germination of wheat 
seed. This compound has been isolated in collaboration with the Chemistry 
Department, Edinburgh University, (R.L. Baxter and M. Robin, pers. comm., 1996) 
as follows: the seeds were ground and extracted with 95% ethanol and then 
partitioned between organic and polar solvents in an attempt to separate the target 
from inactive compounds present in larger amounts. This fraction was partitioned by 
column chromatography method. Repartition and testing the resultants on seed for 
inhibition continued until this compound was isolated. The minimum concentration 
for complete inhibition of wheat seed germination has been worked out as I mg 
nagilactone-D per 10 ml water. Its structural formula is as follows: 
HO 
wheat seed treated with aqueous leachate of A. gracilior and the control germinating 
seeds are shown in Figure 2.7. No experiment was conducted to prove whether or 
not this compound could inhibit the seed of A. gracilior itself during germination 
because of the unavailability of fresh seed. However, the bulk leachate was applied to 
growing in vitro shoots and shown to retard shoot growth (see Chapter 6 - 
Micropropagation). 	It is difficult to say which compound or interaction of 
compounds was responsible for the result of that experiment. 
Kubo et al. (1993) isolated antifungal nagilactones (active against Candida 
albicans and two other fungi) from the root bark of Podocarpus nagi 
(Podocarpaceae) and found out that Nagilactone-E, the most abundant dilactone, 
showed moderate to weak activity against these fungi. As far as this research goes, 
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the leachate from which Nagilactone-D has been isolated also has inhibited 
germination of several cereals other than wheat, for example, barley and oats. 
Many tree species contain inhibitory substances. According to Khan (1977) 
there are many substances released when the coat of dispersal units surrounding the 
embryo (hulls, pericarp, testa, endosperm) is removed, broken or chemically altered, 
causing germination in both dark and light and suggesting the presence of inhibitors. 
Del Amo and Anaya (1978) reported that lactones have a specific biological action 
which depends on concentration, on the type of substance used, and on the species 
over which it acts. 
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Figure 2.7 	Effect of aqueous leachate from the seed coat of A. gracilior on germinating 
wheat. (a) Wheat seed treated with distilled water, (b) wheat seed treated 
with aqueous leachate from seed coat of A. gracilior (Petri dish: 9 cm 
diameter). 
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2.5.2 Ekebergia cap ensis 
It appears from the results for this species that the seed coat is not effectively a 
barrier between the environment and the seed and does not inhibit germination. What 
appears to have happened is that the seed coat contains microorganisms, probably 
fungi, which in many cases attack the embryo and the cotyledons especially in moist 
conditions. 
Many seeds in a population have fractures and weak points in their seed coats 
often in the region of the embryos (see Figure 2.3a). It seems, therefore, that in this 
species, the seed coat is not completely a barrier to imbibition. It is also unlikely to be 
a good protector of the internal structure, and micro-organisms appear to invade the 
embryo through the seed coat itself. Fungi grow even on the seed coats of seeds 
stored at 4 °C once the seeds have died. This is in agreement with the work reported 
by Farrant et al. (1993) on Avicennia marina, who demonstrated that seeds planted 
with an intact pericarp did not germinate but lost viability, and that there was a 
concomitant microbial, particularly fungal, proliferation. A supporting experiment 
indicated that sterilised and decoated embryos appear to have germinated better in in 
vitro conditions than intact seeds where contamination was a problem on an agar 
medium. 
The cotyledon and embryo are green and clear under the seed coat, probably 
with the potential to photosynthesize soon after seed coat removal in the presence of 
light (see Figure 2.3 C and D). Intact and viable seeds can germinate in about 2-3 
weeks at 20 °C. Lack of viability appears to be the main cause of non-germination. 
According to Farrant el al. (1993), storage within the pericarp severely curtailed 
longevity and seed death was associated with microbial contamination. This work is 
in agreement with the conclusion given by Ezumah (1986) regarding neem seed, that 
members of the Meliaceae are short lived. 
It is unclear from this experiment which kinds of fungi were associated with 
contamination during germination. Field fungi and storage fungi are the two general 
categories which invade seeds. Storage fungi, almost exclusively of the genera 
Aspergillus and Penicillium, infect seeds only in storage conditions and are never 
present before, even in seeds of plants left standing in the field after harvesting 
(Bewley and Black, 1994). 
It should be noted that the moisture content of 21% in the present work (cf 
typical values of 7-8% for oily seeds and 13% for starchy seeds) is sufficiently high to 
lead us to expect leakage of substances, e.g. sugars, organic acids and amino acids. 
There is evidence that enhanced leakage causes damping off by fungi (Bewley and 
Black, 1978; 1994). 
Regarding longevity of the seed kept at 4 °C with the moisture content of 21%, 
viability was almost completely lost in 12 months. Fungal growth was observed on 
the surface of the coat after a storage period of six months in these conditions. It 
appears that as long as the moisture content is high enough, fungal growth will occur 
even at temperatures close to but above zero. 
Since stored seeds are more susceptible to fungal attack, it appears that these 
pathogens are storage fungi. It can be seen from longevity tests (Figure 2.1) that 
there has been a slow rate of seed death in the first three months, increasing between 
three and six months and a relatively high rate after six months. 
It remains to be seen if this seed stands desiccation to the point below which 
fungal activity is arrested (normally 8%, as this is an oily seed, 6%) when greater 
longevity of the seed would be expected. 
2.5.3 Pygeuni africanuni 
The fact that the seeds germinated better when they were nicked indicates that 
they have seed coat dormancy. In addition to seed coat dormancy, .Pygeurn 
africanuni appears to have embryo dormancy. The embryos were not visible in the 
dissected cotyledons and no indication of the embryo was seen under the microscope 
before about two weeks of imbibition. Germination rate was slow up to 5-6 weeks 
probably due to the interaction of seed coat and embryo dormancy. The gradual 
developmental stages shown in Figure 2.5 might indicate that germination is delayed, 
first by the seed coat and then by slow development of the embryo. 
According to Bewley and Black (1994) the embryo itself is sometimes 
demonstrably dormant (embryo dormancy) in woody species, especially in the 
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Rosaceae. This is in agreement with the data obtained in this work. Seeds of some 
species have greatly reduced immature embryos: for example, seeds of orchids have 
poorly differentiated embryos and other species produce seeds which are much more 
developed than those of orchids but nevertheless are still immature (e.g. Fraxinus 
spp) where development of the embryo continues after the seed has been liberated 
from the mother plant (Bewley and Black, 1978). 
Seed maturity could also be connected to the level of the inhibitor abscisic acid 
(ABA). The high concentration of ABA in premature seeds, declining to low 
concentrations in the mature seeds, coincides with the increase in level and rate of 
seed germination in mature seeds compared to that in premature seeds (Finch-Savage 
and Clay, 1994). The physiology of axis development might be explained in 
connection with the decline of ABA at maturation. Welbaum and Bradford (1990) in 
Finch-Savage and Clay (1994) explained that the initiation of radicle growth in an 
imbibed seed may result from solute accumulation and therefore increased turgor 
pressure, by weakening of tissues surrounding the embryo, or by cell wall relaxation 
to create a water potential gradient for water uptake. Figure 2.8 displays radicle 
initiation and development. 
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Figure 2.8 	Initiation and extension of radicle of Pygeum africanum (white bar: 1 cm). 
Some reports indicate that the cotyledons themselves might be a constraint to 
the development of the embryonic axis. Bewley and Black (1994) pointed out that 
dormant embryos of Prunus persica resumed normal growth when the cotyledons 
were excised at an early stage. Some members of the Rosaceae are known to contain 
inhibitory ABA either in the seed coat or in the embryo itself. According to Bewley 
and Black (1994) low germinability was associated with the presence of ABA in the 
embryo of Prunus doniestica and in the pericarp (testa) of Rosa canina. 
Prunus africana (Pygeuni africanum) seems to share many of these 
characteristics with other members of the family. Longevity of the seed has been 
measured by a germination method, withdrawing samples from store. Seed stored at 
4 °C with a moisture content of 20% has been tested for viability every three months; 
viability declined only slowly in the first six months but rapidly thereafter (see Figure 
2.6). 
This result is to some extent similar to that obtained in Kenya on the same 
species. Shaefer (1990) reported that fresh depulped seeds of Prunus africana can be 
kept in a cold store for at least six months without a considerable loss of germination 
capacity by mixing them with moist sawdust or peat to maintain high moisture 
content. 
2.6 Conclusions and Recommendations 
2.6.1 Afrocarpus gracilior 
The seeds should be mature enough for good germination. 	Cell 
membranes of immature seeds are not well developed and this can result 
in leaching of cellular contents or bursting of the cells. 
After-ripening and proper desiccation are necessary to level out the 
differential changes in some properties of the seed. The embryo should be 
dried to below a certain moisture content (water potential) to reverse the 
embryonic development to pregerminative processes. 
Slicing or complete removal of the seed coat is necessary to overcome 
this major constraint to germination. 
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4. 	Incubation medium (e.g. sand) with just enough moisture at 30 °C is the 
optimum condition for germination. Excess water in the medium can 
cause anoxia and air circulation in the medium should be ensured. 
2.6.2 Ekebergia cap ensis 
1. 	The seed coats of many seeds in the population with cracks in the fusion 
line around the embryonic axis seem to be a poor protective envelope for 
the embryo. 
2. 	The proliferation of fungi on the seed coat of seed in store suggests the 
release of exudates (like sugars and amino acids) from the cotyledons to 
the surface through the cracks in the seed coat. 
3. 	Low germinability in E. capensis is apparently due more to decline in 
viability than to dormancy. 
2.6.3 Pygeuni africanum 
I. 	P. africanurn seed has both seed coat and embryo dormancy. 
It is very difficult to differentiate an embryo in a dissected cotyledon. 
The fact that immature seeds of some members of the Rosaceae contain 
inhibitory ABA may suggest that P. africanuni might contain ABA. 
Nicking of seeds improves their germination rate, and the optimum 
incubation temperature seems to be 20 °C. 
CHAPTER 3 
Tetrazolium chloride testing experiment 
3.1 Introduction 
The 2,3,5-triphenyl tetrazolium chloride ('tetrazolium') test is a biochemical test 
which differentiates the living and dead tissues of a seed by the presence or absence of 
a red stain (Sevilla, 1987). Upon penetration into living cells, the salt is reduced to a 
reddish, water insoluble compound, formazan by electron transfer processes of 
respiration (Moore, 1985). In some cases viability can be estimated rapidly by 
employing this test, providing rapid data to indicate the way ahead when planning an 
investigation of seed germination, for example. Some seeds may not germinate 
although tetrazolium testing indicates that they are alive but the test is a useful 
indicator of potential germination capability (Auld, 1986). Tetrazolium results can be 
correlated with results of other tests depending on the species; 	in Acer 
pseudopiatanus and A. platinoides, tetrazolium staining was correlated with 
germination results (Dickie et al., 1991) while tetrazolium staining and the 'leakiness' 
of the cell membranes determined as leachate conductivity were correlated in Pinus 
taeda and P. caribaea (Bonner, 1986). There could be two broad reasons for the 
wide gap between results of tetrazolium and germination tests. One is the lack of 
experience to interpret what proportion or density of staining will result in 
germination. 	Secondly, even when there is a complete tetrazolium staining, 
conditions for germination may not be optimal, perhaps due to seed dormancy. 
The distribution and intensity of the stain should be the criterion used to 
evaluate the potential for germination and in storage studies the deterioration of the 
seed can be followed by the difference in staining pattern obtained which is due to 
physiological changes taking place in a seed as a result of ageing or injury (Raspet, 
1965 in Sevilla, 1987). Some researchers have recorded the proportion of staining 
embryo correlated with germination percentage: for example, Gopal and Thapliyal 
(1969) compared the results of the tetrazolium test with actual germination 
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percentages for fresh or stored seed of Dalbergia sissoo, Bauhiria re/usa and Acacia 
modesta, and concluded that viable seed was reliably characterised by complete 
staining of the embryo and radicle with> '/2 staining of each cotyledon. 
According to Sevilla (1987) the accuracy of an individual and his/her efficiency 
in evaluating a tetrazolium test will depend upon experience, training, dexterity with 
the fingers, adeptness of the eyes, talent for good judgement of the materials and 
natural curiosity. However, many other factors can still reduce germination to well 
below the tetrazolium test figure even if specific treatment is applied to the seed. Roy 
ci al. (1984) pointed out in his studies on Dichrostachys cinerea that a tetrazolium 
test indicated 100% viability while the seeds after treatment with sulphuric acid gave 
germination rates of 63%. Similarly Simak (1970) reported that germination of Abies 
a/ba tested in sand was 20% while the tetrazolium test figure was 77%. According to 
Sevilla (1987) tetrazolium staining cannot be impaired by physiological factors and 
certain chemicals (e.g. 2,4-D) while germination can. According to Leadem (1984) 
essential growth centres (meristems) must be well stained for a seedling to grow: in 
the embryonic root the meristem is located near the radicle tip, while in the shoot 
growth derives from the base of the cotyledons. 
The aim of this experiment was to: 
estimate seed viability of A. gracilior by the tetrazolium method and 
compare it with viability by the germination method; and 
explore the effect of seed storage conditions on this species. 
3.2 	Materials and Methods 
3.2.1 	Seed source and experimental design 
The seed of Afrocarpus grad/br, lot A2, was collected from Lagalencha, 
Adaba, Ethiopia in January 1993 and was temporarily stored in one of the local 
houses in that area. It was transported by an open pick-up vehicle two weeks after 
collection to the Forestry Research Centre, Addis Ababa. The seed was soaked in 
water for 3-5 days to soften the outer pulp which was then removed by hand and 
discarded. The seed was sun-dried and stored at 10 °C in the cold store of the 
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Research Centre. A sample of this seed was sent to Edinburgh by air at the end of 
June 1993. It was stored in ambient room conditions at the Darwin Building for two 
weeks. Moisture content and viability of the seed were assessed at the Forestry 
Commission's Southern Research Station, Alice Holt as follows: moisture content, 
11%; viability, 88% (tetrazolium method), and 81% (germination method) in the 
middle of July 1993. 
As the seedlot was proved to be of good viability, more seed of identical lot was 
requested from Addis Ababa in order to undertake the storage experiment. This was 
sent to Edinburgh by courier at the beginning of October 1993 and temporarily stored 
in ambient room condition at the Darwin Building. Viability of the seed was tested at 
Alice Holt to be 76% (germination method) and moisture content was determined at 
Edinburgh to be 11% just when the storage experiment was started at the beginning 
of November, 1993. 
A factorial design of four moisture contents and four temperatures to be tested 
four times during the storage period of 12 months was decided on after discussions 
with seed research workers at University of Reading, Royal Botanical Gardens, 
Ardingly and Forestry Commission Southern Research Station. The moisture 
contents selected were 6, 8, 11 and 15%, the temperatures taken were -20, 4, 10 and 
21 °C and the testing period was every 90 days. 
The seed population was thoroughly mixed before any division of the seed was 
done. The drying process was started by randomly taking 3,840 seeds from the 
population (this included a surplus of 640 seeds as about 10% of the seed could be 
damaged and discarded during splitting of the seed coat for tetrazolium chloride 
tests). The seeds were divided into four moisture content groups of 960 seeds in 
each. Two groups were randomly selected, one of which was dried to 8% and the 
other to 6% moisture content using an oven drier at 25 °C with trays containing a 
single layer of seeds. Each plastic tray (holding 60 seeds) was randomly placed on a 
larger oven tray so that drying conditions were the same for both seed groups - 
allocation to shelf level was randomly selected. The seed moisture content was 
regularly checked by weighing: the moisture content of 8% was obtained after 8 
hours but it took 28 hours to reach 6%. 
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The third group of seed was randomly selected from the remaining two groups 
and rehydrated to 15% moisture content. This was done in a growth room of 
2 x  2 x  3 metres at 90-95% r.h. and at 18 °C. Each of the 16 plastic trays holding 60 
seeds was placed randomly on the metallic table in the growth room. The moisture 
content was obtained by adding the percentage gain in moisture content to the initial 
moisture content: it took 120 hours to reach 15%. The fourth group of seed was 
taken as the control and no change in moisture content was made. 
Each unit of 60 seeds was sealed separately in a 16 x  20 cm aluminium foil bag 
with a heat sealer. Each moisture content group had 16 bags of seeds which were 
selected randomly and labelled with their normal temperature and withdrawal time. 
Storage was arranged in 4 incubators, each of which received 16 bags (four from each 
moisture content). The factorial combination of 4 moisture contents, 4 storage 
temperatures and 4 storage periods gave a total of 64 treatments in this experiment. 
Viability tests (tetrazolium chloride method) were carried out at 90 day 
intervals. It is necessary to make some points on the question of withdrawal. As 
mentioned earlier, the seed was in storage at 10 °C in Addis Ababa and two viability 
tests had already been done, of which one was at the beginning of this experiment. 
Hence, viability of the control seed at the start of the experiment was taken as zero 
withdrawal although for all treatments no tests were done for the dehydrated and 
rehydrated seeds at that time. One of the 16 moisture* temperature combinations 
(11% and 10 °C) was simply the extension of the ongoing storage condition in Addis 
Ababa. The withdrawal numbers 0, 1, 2, 3 and 4 were allocated to storage periods of 
0, 90, 180, 270 and 365 days respectively. 
The stored seeds had been organised for tetrazolium chloride test in each 
withdrawal. Sixteen bags, one for each moisture content *temperature combination, 
were withdrawn. The seed coats were split with a vice, carefully removed by hand 
and discarded. The gametophytes were temporarily put in distilled water to avoid 
desiccation until splitting was finished which took 10-15 minutes to do for 60 seeds. 
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3.2.2 	Preparation of tetrazolium chloride solution 
A buffer solution was used in preparing the tetrazolium solution in order to 
maintain seed respiration which is necessary for the staining to occur. The buffer 
solution was prepared by taking and mixing compounds according to the following 
procedure (ISTA. 1985). 
Potassium dihydrogen orthophosphate (KH2PO4), 7.26 g in 800 ml distilled 
water (acidic). 
Disodium hydrogen orthophosphate (Na2HPO4) 14.25 g in 1200 ml distilled 
water (basic). 
The two solutions above were mixed, and this buffer solution was heated to 
55 °C. 
Tetrazolium salt, 20 g was added to the buffer solution. This gave a 1% 
tetrazolium solution. 
A 0.5% tetrazolium solution was made by taking half  litre of the 1% solution 
and half a litre of distilled water. 
The seed was withdrawn from the store and the seed coat split (see Chapter 2) 
after which 50 seeds were taken at random. 
3.2.3 	Seed dissection, treatment and assessment 
All the split seeds were soaked in distilled water overnight to imbibe and 
subsequently promote respiration. Approximately equal amounts of 0.5% tetrazolium 
solution were poured into the cells of an ice-maker tray, in two replications of 25 
cells. Each seed (gametophyte) was cut half-way longitudinally with a scalpel on a 
dissection tray (in some cases the two parts were still attached at a single point) and 
placed in the tetrazolium solution in a cell of the tray. The trays were covered with 
cling-film and kept at 26 °C in an incubator for 24 hours. 
Each part of the gametophyte plus embryo were carefully assessed for the level 
of staining, being recorded as 'best stained' - completely dark red, 'less stained' - 
patchy or light red or 'not stained' - beige or unstained. 
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3.2.4 	Statistical analysis 
Minitab Release 10.1 was used for data analysis and graphics and Sigma Plot 
for graphics. Analysis of variance was employed to assess the variation between 
treatments. Percentage data were transformed into probit values for the following 
reasons: 
ease of calculation of longevity, i.e. the period in storage for seed to lose 




v = probit of percent viability 
P 	storage period (days) 
K1 = constant, the initial % viability (probit scale) 
Cr = standard deviation of distribution of seed deaths with time. 
a straight line is obtained when trends over time in percentage germination data 
are transformed to probit values (Finney, 1962; Finney, 1971). It is then 
possible to get the trend of viability of the seed during the storage period by 
calculating the slope of this line; 
the zero value is equidistant from, for example, 1 and -1 on the probit scale, so 
that it is easy to remember the reference of 50% viability. 
as with some other transformations, probit transformation stretches out both 
tails of a distribution of percentages or proportions and compresses the middle, 
making germination data approximate to a normal distribution and this 
qualifying for use in statistical tests such as analysis of variance. 
Raw data were converted to probit values from which analysis of variance and 
mean viability were calculated. Least significance differences (LSD) were obtained 
from the error mean square of the analysis of variance. Mean viability was ranked by 
calculating the difference between any two means and comparing it with the LSD 
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(Appendix 3. 1). In tabulating results, superscript letters (a,b,c, etc) were used to 
distinguish means that are significantly different (P = 0.05). 
3.3 Results 
In most cases, tetrazolium values are higher than germination results. It was not 
possible at this point to demarcate a clear line between viable and dead seeds from the 
staining. The problem is not only the interpretation of tetrazolium test results but also 
the difficulty of creating consistently optimum conditions for germination in the 
laboratory. However, with long experience, the gap between the tetrazolium and 
germination data could be minimised. In this experiment, the mean percentage 
viability summarised in the tables refers to 'viable seed' which has been defined as seed 
which was 'best stained'. 
3.3.1 	Mean viability 
To assess the influence of duration of storage, seed was withdrawn from 
storage every 90 days for tetrazolium testing. 
Percentages of mean viability are summarised in Table 3.1 and analyses of 
variance in Table 3.2. 
In the first withdrawal, significant differences occurred only between the 
temperature of -20 °C and the other temperatures: moisture content had no 
significant effect on viability. In subsequent withdrawals both moisture content and 
temperature, and their interaction, are shown to have a significant effect on viability. 
After a storage period of 12 months, seed stored at a combination of 6 or 8% 
moisture content with temperatures of 4 or 10 °C were found to be most viable. 
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WD  Moisture content % 
Temperature 
6 8 11 15 X 
oc  
-20 5 	8f 5 	8f 549h 34i 51d 
4 68abcde 72abcd 68abcde 66abcdef 69abc 
10 72ab 74a 74a 68abcde 72 
21 68abcde 72abc 74a 72abcd 72ab 
X 67abc f 	
69a 68ab 60d  
WD2 Moisture content % 
Temperature 
6 8 11 15 X 
-20 50fghi 52fgh 50fghi 26k1 45cd 
4 68ab 70a 66abcd 66abc 68 
10 66abcd 68ab 64abcde 50f9hi 62b 




WD3 Moisture content % 
Temperature 
6 8 11 15 X 
-20 52efghi 48efghijk 38jklm 60 36C 
4 66abcd 68abc 64abcdefg 60abcde 65 
10 70a 68ab 60abcdef 44ijkl 61ab 
21 58bcdefgh 50efghij 38klmn 00P 36cd 
X 	I 62 f_5ab 50c 28d  
WD4 Moisture content % 
Temperature 
6 8 11 15 
-20 46efgh 491 6m 32cd 
4 66abc 68ab 60bcd 52def 62 
10 66abc 70a 60bcd 28jU 56b 
21 54de 48efg 32jk onm 34C 
x [ 	58 57ab 47C 22d  
Table 3.1 	Mean viability percentage of A. gracilior seed from tetra.zolium tests: The 
significance of a difference between any two means (within any single 
withdrawal, as each withdrawal was analysed separately) was tested by the 
least significant different test; means with different superscripts (a,b,c, ...) are 
those that have been declared significantly different from each other (using 
probit transformation) at 0.05 level of significance. The column and row 
means were considered separately. 
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Withdrawn after 90 days 
Source DF SS MS F P 
MC 3 0.27069 0.09023 5.33 0.010 
Temp 3 1.70633 0.56878 33.57 <0.001 
MC*Temp 9 0.35393 0.03933 2.32 0.068 
Error 16 0.27107 0.01694 
Total 31 2.60202 
Withdrawn after 180 days 
Source DF SS MS F P 
MC 3 1.15611 0.38537 34.54 <0.001 
Temp 3 2.13105 0.71035 63.67 <0.001 
MC*Temp 9 0.35799 0.03978 3.57 0.013 
Error 16 0.17850 0.01116 
Total 31 3.82366 
Withdrawn after 270 days 
Source DF SS MS F P 
MC 3 6.10920 2.03640 80.09 <0.001 
Temp 3 4.88441 1.62814 64.03 <0.001 
MC*Temp 9 2.60882 0.28987 11.40 <0.001 
Error 16 0.40684 0.02543 
Total 31 14.00927 
Withdrawn after 365 days 
Source DF SS 	MS F P 
MC 3 7.26793 2.42264 178.98 <0.001 
Temp 3 4.98185 	1.66062 122.68 <0.001 
MC*Temp 9 1.50723 0.16747 12.37 <0.001 
Error 16 0.21657 	0.01354 
Total 31 13.97359 
Table 3.2 Analyses of variance for tetrazolium tested viability of A. gracilior seed 
withdrawn after four storage periods. 
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3.3.2 Withdrawal 1 (90 days) 
The effect of moisture content on seed viability in the first 90 days was 
relatively small but still significant (F = 5.33, P = 0.01). For moisture contents of 6, 
8, 11 and 15% mean viability was 67, 69, 68 and 60% respectively (see Table 3. 1 a). 
The temperature effect was relatively high, with -20 °C giving poor results 
(F = 33.57, P < 0.001). Mean viability percentages for -20, 4, 10 and 21 °C were 51, 
69, 72 and 72 respectively. 
The interaction of moisture content and temperature was relatively low 
(F=2.32, P>0.06). 
3.3.3 	Withdrawal 2 (180 days) 
The variation in viability between moisture contents was greater than in the first 
withdrawal with viability at 15% moisture content falling rapidly. The mean viability 
percentages for 6, 8, 11 and 15% moisture content were 60, 62, 57 and 43 
respectively (Table 3.1b). The effect of moisture content was highly significant 
(F = 3454, P <0.001). 
Variation in viability due to the effect of temperature was nearly twice that in 
the first withdrawal (F = 63.67, P <0.001). Mean viability percentages for -20, 4, 10 
and 21 °C were 45, 68, 62 and 47 respectively. There was a significant difference 
between mean viability at temperatures of 4 and 10 °C and further down in the rank 
order mean viability at -20 and 21 °C was significantly lower than at both 4 and 
10 °C. 
The interaction of moisture content and temperature was again relatively low 
(F = 3.57, P = 0.013). 
3.3.4 Withdrawal 3 (270 days) 
By the time of this withdrawal, 15% moisture content had increased its 
detrimental effect on viability especially in combination with temperatures of -20 and 
21 °C. Viability percentages for moisture contents of 6, 8, 11 and 15% were 62, 59, 
50 and 28 respectively (Table 3.1c). It can be seen from the table that viability 
decreases with the increase in moisture content. This withdrawal is the point in time 
when variation due to moisture content has become greater than that due to 
temperature, the F-values being 80.09 and 64.03 respectively (both significant at 
<0.1% probability). 
With respect to temperature, viability was again highest at 4 and 10 °C, with no 
significant difference between them. 
The interaction of moisture content and temperature increased in significance 
(F = 11.40, P < 0.001). The trend of viability with regard to moisture content-
temperature combinations was by and large the same as in the second withdrawal: at 
15% moisture content and a temperature of 21 °C viability was less than 1%. At a 
temperature of 4 °C combined with any of the moisture contents there was no 
significant gradient in viability. However, at a temperature of 10 °C there were 
significant differences between moisture contents (the lower the moisture content the 
higher the viability and vice versa). Viability was recorded to be highest for the 
combination of 6% moisture content and a temperature of 10 °C. 
3.3.5 	Withdrawal 4 (365 days) 
The effect of moisture content was again highly significant (F = 178.98, 
P <0.001). Mean viability percentages for moisture contents of 6, 8, 11 and 15% 
were 58, 57, 47 and 22% respectively (Table 3. id), the difference between moisture 
contents of 6 and 8% being not significant. 
The effect of temperature remained highly significant (F = 122.68, P <0.001): 
the mean viability recorded for temperatures of-20, 4, 10 and 21 °C was 32, 62, 56 
and 34% respectively. 
The interaction of moisture content and temperature remained highly significant 
(F = 12.37, P <0.001). There were no significant differences in viability between the 
moisture contents of 6, 8 and 11% combined with temperatures of 4 and 10 °C. It 
was noted that at every temperature treatment viability decreased with an increase in 
moisture content. As in the third withdrawal, viability has been recorded to be very 
poor at -20 and 21 °C. 
3.3.6 	Rate of decline in seed viability 
Using a Minitab computing programme, slopes b for the decline in seed 
viability were calculated using the standard regression equation. From the analysis of 
variance, values of LSD between slopes were calculated by using the error mean 
square. The slopes were then ranked based on the LSD and tabulated in the same 
way as the viability percentages (Table 3.3). The mean slope was based on viability 
values from four withdrawals and from the 'zero withdrawal time' of the control 
experiment, i.e. seed maintained at Ethiopian conditions of 11% moisture content and 
10 °C. 
Looking at the results, the moisture contents 6 and 8% maintained seed viability 
better than the other moisture contents. In the case of the temperature, 4 °C was 
observed to be the best followed by 10 °C. Results of the interaction between the 
moisture content and the temperature revealed that 6 and 8% moisture content 
combined with either 4 or 10 °C produced the best results. The highest slope, i.e. the 
poorest viability was recorded with a moisture content of 15% and temperatures of 
either -20 °C or 21 °C. 
Moisture content % 
Temperature 6 8 11 15 X 
-20 192fgh 225hi 288k 
4 069abc 062ab 126e 160efg .104a 
10 070abcd 057a 140ef 3. 511 
21 10efg 228hij 3.661m 7• 930 387d 
X 1.23a 143ab [ 	
230c  T -4.83d  
Table 3.3 	Mean slope of declining seed viability over time (determined from tetrazolium 
tests). Slope values with the same superscript are not significantly different at 
P = 0.05. The column and row means were considered separately. 
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3.3.7 	Trend of viability over time 
3.3.7.1 	Effect of moisture content 
Viability at zero time was that recorded for the control seed at the start of the 
experiment, a common initial point for all treatments. Thereafter, (Figure 3.1) there 
are noticeable differences between the moisture contents. For each moisture content 
the trend of viability appears to divide into two based on the storage temperature, 
declining less rapidly at temperatures of 4 or 10 °C and more rapidly at temperatures 
of-20 and 21 °C. Viability trends at 6% moisture content were similar, those at 15% 
moisture content were much dispersed and hence widely variable and those at 8 and 
11% moisture content were intermediate. Generally, moisture contents of 6, 8 and 
11% produced viability trends of similar type in the same manner, while moisture 
content 15% was seen to be detrimental to the viability of the seed. 
Figure 3.1 	Viability of A. grad//or seed stored at different moisture contents (a) 6%, (b) 
8%, (c) 11% and (d) 15% [tetrazolium test data transformed to probit values]. 
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3.3. 7.2 	Effect of temperature 
One effect common to all temperatures, particularly in later withdrawals, was 
that combinations with 15% moisture content showed poor viability. At temperatures 
of -20 and 4 °C, there was a noticeable decrease in viability in the first withdrawal 
compared to the zero withdrawal (see Figure 3.2). Viability declined steadily with 
time at 10 °C, other than when it was combined with 15% moisture content. 
mc6 • mc8 A mcli v mcl5 
Figure 3.2 	Viability of A. gracilior seed stored at different temperatures (a) -20, (b) 4, 
(c) 10 and (d) 21 °C [tetrazolium test data transformed to probit values]. 
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Figure 3.3 	Viability of A. gracilior seed (from tetrazolium tests, expressed as probit 
values) against  time of storage at specified moisture contents and 
temperatures. Graphs are organised so that columns correspond to storage 
moisture content and rows correspond to the temperature during storage. 
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3.3. 7.3 	Individual graphs for all factorial combinations of moisture 
content and temperature 
Individual graphs for all combinations of moisture content (columns) and 
temperature (rows) are presented in Figure 3.3. Comparing the columns, viability is 
generally low in rows 1 and 4, with temperatures of -20 and 21 °C respectively. All 
columns (except 4) show relatively high viability maintained in rows 2 and 3, with 
temperatures of 4 and 10 °C respectively. 
On the other hand, the trend of viability across the rows is more regular. 
Viability decreases with increase of the moisture content in all the rows, particularly at 
-20 °C and 21 °C. The combination of high moisture content and either of these 
temperatures results in very poor viability. 
3.4 Discussion 
The degree of staining of a seed by tetrazolium indicates the level of viability. 
The interaction of storage moisture content and temperature influences the viability of 
the seed. The effect of these conditions are explained for each withdrawal. 
3.4.1 	Timing of effects of moisture contents and temperatures on tetrazolium 
staining 
In the first withdrawal (storage period of 90 days), it can be seen from Table 
3.1a that all moisture contents combined with a temperature of -20 °C showed 
relatively low viability. This indicates that subzero temperatures reduce viability 
within a relatively short period of time, possibly due to the formation of ice crystals 
which could kill the seed. The damage on the seed was particularly severe when this 
freezing temperature of -20 °C was combined with the moisture content of 15%: this 
could agree with the report by Enescu (198 1) that for some species, there was a large 
range in the abnormal tetrazolium counts after the seeds had been prechilled. 
In the second withdrawal (after 180 days) the seeds stored at -20, 4 and 10 °C 
had a similar staining type to that of the first withdrawal. However, those seeds 
stored at 21 °C were found to be poorly stained. This significant reduction of viability 
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by the second withdrawal was probably due to the increased metabolic rate of the 
seeds which could germinate in storage if sufficient moisture were available but died 
because this was not the case. The interaction of the higher moisture content (15%) 
with the 21 °C or even with 10 °C appeared to have increased the rate of seed 
deterioration, which could be due to the encouragement of early stages of germination 
followed by seed death because of desiccation intolerance. This point is in agreement 
with the report by Berjak et al. (1990) that even under the most severely desiccating 
conditions that can be imposed on the whole seed, some germination-associated 
metabolism, and concomitantly, increasing desiccation sensitivity, may occur. The 
duration of germination-associated events and subsequent seed death depends on the 
species and the combination of the storage conditions. For example, the viability of 
A. grad/br declined after 180 days in storage at 15% moisture content and 21 °C 
(Table 3.1b). At temperatures of 4 or 10 °C combined with any of the moisture 
contents (with the exception of 15% moisture content combined with a temperature 
of 10 °C) seed viability was not significantly different from that of their corresponding 
combinations in the first withdrawal. This indicated that seed deterioration increased 
with an increase in moisture content and temperature. 
In the third withdrawal (after 270 days storage), viability continued to decline 
but in general, not very significantly from the second withdrawal. However, the seed 
stored at 21 or -20 °C each in combination with the moisture content of 15% showed 
a rapid decline in viability (less than 1%, for example, at 15% moisture content and 
21 °C). This indicates that loss of viability is not only a function of storage conditions 
but also a function of time. For example, it has been found that in seeds with higher 
moisture content the percentage of chromosome aberration and seed damage 
increased sharply with time (Villiers and Edgcumbe, 1975). They pointed out that an 
increasing number of abnormalities was observed with increase in time of storage, 
including distorted cotyledons with necrotic patches of tissues and necrosis of the 
radicles. This observation agrees with the uneven staining of A. grad/br seeds with 
tetrazolium found in both the gametophyte and the embryo. 
By the fourth withdrawal (after 365 days storage) there was not only a complete 
loss of viability of seed stored at 15% moisture content and 21 °C, but also a 
significant reduction in viability of seed stored at moisture contents of 11, 8 or 6% 
combined with a temperature of 21 °C. Thus for seed to be kept for at least one year 
without a significant loss in viability the optimal storage conditions should be a 
moisture content of 6 or 8% combined with a temperature of 4 or 10 °C. At these 
temperatures seed viability was maintained at an intermediate level with 11% moisture 
content, and also with 15% moisture content at 4 °C. In this latter case it appears that 
the metabolic activity was low (due to the low temperature) and it took at least one 
year before about 50% of the seeds became sensitive to desiccation (Table 3. id). 
3.4.2 	Interpretation of staining 
The pattern of seed staining by tetrazolium varies widely between species. In 
A. gracilior, good quality seed is clearly stained pinkish-red to dark-red while 
completely dead seeds show no staining at all. In this experiment a certain proportion 
of both the gametophyte and embryo in all withdrawals showed a patchy staining with 
tetrazolium. This was interpreted as those seeds in which viability was beginning to 
fall. Some researchers interpret the staining pattern for a viable seed to be only those 
seeds which are completely stained. For example, Enescu (1981) pointed out that for 
weaker seeds, test results are more variable; the tetrazolium method can be 
acceptable, provided that only seeds which are completely stained are considered 
viable. It was observed from this test that the lighter the staining, the less viable the 
seed was. Interpretation requires experience, skill and good judgement as the result 
of the test can only be viable or not viable. One has to know the critical areas in the 
embryo which determine viability. 	Overaa (1979) evaluated the embryo for 
tetrazolium tests as follows: radicle area - critical zone; cotyledon area - non critical 
zone. An embryo is considered viable if: 
it is completely stained; 
not more than 1/3 of the root (conical tip) is unstained. This conical tip is not in 
the critical area, where only small superficial unstained spots can be allowed: 
outside the critical zone up to 50% of the cotyledon can be unstained or 
missing. 
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3.4.3 	Value and applicability of the test 
In this study it was found that the tetrazolium test can be easily applied to A. 
gracilior seed: there were no practical or technical problems involved in carrying out 
the test in the laboratory. Some of the reasons for applicability of the test to this 
species are: 
seed of A. gracilior does not cause the tetrazolium solution to become turbid so 
that observation is relatively straightforward; 
A. gracilior can give best staining (dark-red), less staining (light-red), patchy 
staining (uneven staining) or no staining at all so that the tested seeds can be 
easily categorised; 
microorganisms were not found to have grown on the seed of this species 
during the staining period of 24-48 hours. 
the tetrazolium test can be carried out at room temperature, compared to 
incubation at 30 °C for a germination test. 
3.5 	Conclusions and Recommendations 
Tetrazolium method appears to overestimate viability compared to the 
germination method. However, trends of declining viability lines of the two 
methods correlate positively. 
The best storage conditions are the moisture contents of 8 and 6% interacted 
with the temperature of 10 or 4 °C. 
In future work, it is feasible that with good experience and interpretation of the 
staining pattern, the results of a corresponding germination can be estimated 
much closer to the actual germination values. 
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CHAPTER 4 
Preliminary experiment on storage of Afrocarpus gracilior seed 
4.1 Introduction 
One of the most basic tools for forest conservation is the temperature-controlled 
seed store. Forest tree seeds can be stored in optimum conditions for a long time to 
be used later for a reforestation programme. However, not all seeds can be safely 
stored without a proportional loss of viability: the rate of seed ageing is dependent on 
storage environment over time (Ellis and Roberts, 1981). Seeds of orthodox species 
need to be dried (e.g. close to 5% moisture content) while recalcitrant species need 
more moisture (above 20%) for survival. In this experiment, an attempt was made to 
investigate the optimum storage condition for A. gracilior seed. It was a preliminary 
study carried out over 12 months, the experimental design being a factorial 
combination of moisture content and temperature. Moisture contents ranged between 
6 and 15%, assuming that the seed could experience both extremes in natural 
conditions. The lower limit might occur in a very dry season after seed falls from a 
mother tree; 15% moisture content might occur either when seed dries or when it gets 
into moist soil. It is known that seeds may lie in the soil without germinating for very 
long periods (Villiers and Edgcumbe, 1975). 
The purpose of this experiment was to investigate the optimum storage 
conditions for A. gracilior seeds to prolong viability measured by germination 
method. 
4.2 Materials and Methods 
This experiment was set up to run in parallel with the tetrazolium chloride 
experiment for Afrocarpus gracilior (A2 seedlot) described in Chapter 3. The seed 
origin, experimental design and methodology for setting the seed moisture content 
and storage temperature up to withdrawal and seed splitting are identical to those in 
Chapter 3 but the number of seeds used in this experiment was twice those used in 
Chapter 3 (tetrazolium chloride test). For each of the 16 treatments (4 moisture 
contents x  4 storage temperatures) 120 seeds were sealed in 16 x  20 cm aluminium 
bags and withdrawn after periods of 90, 180, 270 and 365 days. This enabled 4 
replications of 25 seeds each to be prepared for the germination test, taking account 
of some seeds being damaged (and discarded) in the process of seed coat removal by 
a vice. The naked seeds were sown into 0.5 - 1.2 mm quartz sand from the Edinburgh 
area, which was sterilised by heating to 150 °C and cooling down to ambient 
temperature. One hundred seeds were randomly taken from the 120 (or less 
depending on how many were discarded because of damage during splitting) and 
sown about 1 cm deep in the sand. 
In the first withdrawal, all 100 seeds were sown in aluminium trays of 
36 x  28 x  6 cm covered with cling film. In this test, replications were done by 
demarcating the sand into four blocks, 25 seeds sown in each block. Regarding the 
mixture of water and sand, 45 ml of water was used for 1 kg of sand in the first and 
second withdrawals: this was reduced to 15 ml water to 1 kg sand in the third 
withdrawal. Plastic food boxes were used in the second and third withdrawals with a 
tightly fitting cover in which 25 seeds were sown and replicated four times. By the 
fourth withdrawal, it became apparent that the low germination results must be due to 
inappropriate materials and methodology. Hence, most of the materials and methods 
were changed. In the last withdrawal Garside Industrial sand was used, the ratio of 
water to sand was 15 ml water to 1 kg of sand (as in the third withdrawal), plastic 
trays with 14 holes in the bottom were used with 25 seeds sown in each tray and 
replicated four times (i.e. separate trays for each replication) and each tray was put in 
a plastic bag with the open end folded twice and clipped at one point in the middle to 
allow some ventilation. 
The trays were randomly placed in the growth room at 30 °C with the relative 
humidity, 45%. The experiment was assessed for germination every 15 days, up to 6 
weeks. Germination was defined as emergence of the radicle to 10 mm. Germinated 
seeds were recorded and removed from the trays. 
In conclusion of materials and methods, it should be noted that the control 
treatment (11% MC and 10 °C) stored soon after seed collection in Ethiopia had 
altogether six withdrawals for viability determination, the second being equivalent to 
the 'zero withdrawal' at the start of this experiment. Hence, the statistical basis for 
correcting data for the effect of using inappropriate media (discussed in Section 4.3.5) 
was based on the six withdrawals of the control. 
4.3 Results 
Mean viability data are summarised in Table 4.1 and Analyses of Variance are 
presented in Table 4.2. (These data have been adjusted as mentioned below.) The 
ranking of viability means is detailed in Appendix 4. 1. The effects of moisture 
content, storage temperature and their interaction on germination at each withdrawal 
are described in Sections 4.3.1 to 4.3.4. Section 4.3.5 deals with adjustment of data 
to compensate for the use of inappropriate media and techniques in the first three 
withdrawals. Section 4.3.6 describes the introduction of 'zero time' withdrawal data, 
and the trends of decreasing viability with time are discussed in Section 4.3.7. 
Percentage data were transformed into probit values, as mentioned in Chapter 3, to 
compare the mean slopes of decreasing viability lines over time for different storage 
treatments. 
4.3.1 	First withdrawal (Table 4.1a) 
Mean viability percentages for 6, 8, 11 and 15% moisture content were 23, 22, 
20 and 32% respectively and analysis of variance indicated that the moisture content 
effect was barely significant (F = 2.63, P = 0.06, Table 4.2). Temperature was 
relatively more important at this withdrawal: mean viability percentages at -20, 4, 10 
and 21 °C were 13, 32, 29 and 24% respectively and the effect of temperature was 
highly significant (F = 16.92, P < 0.001). The interaction effect was also highly 
significant (F = 8.12, P < 0.001). The highest germination occurred when 15% 
moisture content combined with 4 °C, and every moisture content treatment 
combined with a temperature of-20 °C produced a poor result. 
Least significant differences (LSD) were calculated using the standard formula, 
2\J2 x Error mean square. Mean viability (in Probit scale) was ranked by using LSD 
and the superscripts in Table 4.1 indicate whether the difference between any two 
individual means was significant or not. Any overlapping of the ranking letters shows 
that there was no significant difference between the specified means. 
Based on the calculated LSD, there was no significant difference between mean 
viability for the 4 moisture contents other than between 11 and 15%. Viability at -20 
and 21 °C were significantly different from each other and also from that at 4 and 
10 °C. The combination of 15% moisture content and a temperature of 4 °C is 
significantly different from most of the other combinations. 
4.3.2 	Second withdrawal (Table 4.1b) 
Mean viability percentages for 6, 8, 11 and 15% moisture-contents were 16, 12, 
14 and 11% respectively and analysis of variance for the moisture content was highly 
significant (F = 16.24, P <0.001, Table 4.2). Comparison of  values indicates that 
the temperature effect was again more important than the moisture content effect 
although their probability levels were the same. 
Percentage viability for the temperatures of-20, 4, 10 and 21 °C were 7, 22, 15 
and 9% respectively: viability at 4 °C was significantly different from all other 
temperatures and at 10 °C was significantly higher than -20 and 21 °C. 
The interaction remained highly significant, with little change in F value from 
withdrawal 1. The combination of 15% moisture content and 4 °C maintained 
relatively high viability but was not significantly different from other combinations 
with 4 °C. In contrast to withdrawal 1, mean viability at 15% was significantly lower 
than for other moisture contents. 
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WD 1 Moisture content % 
Temperature 
6 8 11 15 X 
-20 _010fghijk 000efghij 015ghijkl 0.87no _028d 
4 0• 32cdef 035bcde 014cdefgh 0.81 a 0.41 
10 009cdefghi 026cdefg 050abc 044abcd 0.32a 
21 035bcde _021hijklin 050k1mn 076ab o.ioc 
0. l7ab 010abc f_000bcd 0.29a  
WD2 Moisture content % 
Temperature 
6 8 11 15 x 
-20 014bcdefg 02ijk1m 049hijk1 058cd 
4 00gab 008abc 001abcd 0.29a 0.12 
10 000bcde 044hijk 001abcd _007bcdef 012b 
21 028efghij _023defgh 024defghi -1.19 _0.48c 
X 0.08' 028bc 017ab -0.54  
WD3 Moisture content % 
Temperature 
6 8 11 15 x 
-20 037defg 042911ij 044ghijk 1.I9lm 060d 
4 014ab 021a 008abc 008abc 0. 13a 
10 002bcdef 002bcdef 000bcde -0.249 
21 005abcd 000bcde 027gh 0061 
X 0.08 a .006ab 017ab -0.60  
WD4 Moisture content % 
Temperature 
6 8 11 15 x 
-20 029defg 043ghij 037f9h 207m 
4 020bcdef 010abc 020bcdef 012abcd 015a 
10 002a 015abcde 403911i 0911 036b 
21 037fgh 007ab 071k 27m 081cd 
X 0•22ab  029bc 
Table 4.1 	Mean viability (probit scale) of A. gracilior seed from germination tests: The 
significance of a difference between any two means (within any single 
withdrawal, as each withdrawal was analysed separately) was tested by the 
LSD test; means with different superscripts (a,b,c, ...) are those that have 
been declared significantly different from each other (using probit 
transformation). The column and row means were considered separately. 
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Analysis of Variance for WD1 
Source DF SS MS F P 
MC 3 0.69347 0.23116 2.63 0.061 
Temp 3 4.46814 1.48938 16.92 <0.001 
MC*Temp 9 6.43301 0.71478 8.12 <0.001 
Error 48 4.22472 0.08802 
Total 63 15.81935 
Analysis of Variance for WD2 
Source DF SS MS F P 
MC 3 1.88336 0.62779 16.24 <0.001 
Temp 3 5.04632 1.68211 43.52 <0.001 
MC*Temp 9 3.75364 0.41707 10.79 <0.001 
Error 48 1.85522 0.03865 
Total 63 12.53854 
Analysis of Variance for WD3 
Source DF SS MS F P 
MC 3 3.28786 1.09595 54.62 <0.001 
Temp 3 4.79442 1.59814 79.64 <0.001 
MC*Temp 9 1.89958 0.21106 10.52 <0.001 
Error 48 0.96319 0.02007 
Total 63 10.94505 
Analysis of Variance for WD4 
Source DF SS MS F P 
MC 3 12.9310 4.3103 309.89 <0.001 
Temp 3 5.0345 1.6782 120.65 <0.001 
MC*Temp 9 7.0291 0.7810 56.15 <0.001 
Error 48 0.6676 0.0139 
Total 63 25.6622 
Table 4.2 Analyses of variance for germination tests, withdrawals (WD) 1, 2, 3 and 4 
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4.3.3 	Third withdrawal (Table 4.1c) 
Percentage viability for moisture contents of 6 and 8% were higher than for 11 
and 15%. Mean viability percentages for 6, 8, 11 and 15% moisture content were 17, 
17, 14 and 8% respectively. Analysis of variance showed that moisture content 
remained highly significant, although the F value continued to increase. 
Percentage viability for temperatures of-20, 4, 10 and 21 °C were 6, 22, 16 and 
12% respectively. As in withdrawal 2, the highly significant temperature effect 
remained greater than that of moisture content. 
Analysis of variance showed the interaction was more or less the same as that 
for withdrawals 1 and 2. A temperature of 4 °C combined with all moisture contents 
resulted in higher viability percentage than other combinations of moisture content 
and temperature (Table 4.4c). 
4.3.4 	Fourth withdrawal (Table 4.1d) 
Analysis of variance indicated that the moisture content effect was highly 
significant (F = 309.89, P <0.001) with the F value greater than that for temperature. 
The mean viability percentages for the moisture contents of 6, 8, 11 and 15% were 
41, 43, 34 and 16% respectively. The percentage viability at 15% was significantly 
lower than at other moisture contents. 
For temperature, mean viability percentages for -20, 4, 10 and 21 °C were 27, 
44, 36 and 26% respectively. Analysis of variance showed that the temperature effect 
continued to be highly significant (F = 120.65, P < 0.001). Viability at 4 °C was 
significantly higher than at other temperatures: the highest individual viability was at 
10 °C in combination with 6% moisture content, which was not significantly different 
from 10°C at 8%. 
Analysis of variance showed that the interaction effect for the fourth withdrawal 
was approximately five times higher than that of the three previous withdrawals 
(Table 4.2). 
Broadly speaking, every moisture content in combination with 4 °C and the 
moisture contents of 6 and 8% in combination with 10 °C gave a relatively good 
germination. 
Ell 
4.3.5 	Adjustment of results for medium effect 
The results of the first withdrawal were significantly lower than the viability of 
the control on arrival, as tested at Alice Holt (Figure 4.1c) and because of this the 
question was asked whether such a loss in viability was normal or whether the 
materials and methods used for germination were inappropriate. Three factors that 
might affect viability were considered - the ratio of water to sand, the aeration of the 
containers, and the type of sand (the initial assessments at Alice Holt were carried out 
using Garside sand). Side experiments were not possible because of limited seed 
supply and the alternative adopted was to modify germination methodology. In the 
second withdrawal the trays were changed, in order to ensure replication, to food 
boxes (without holes in the bottom). In the third withdrawal the ratio of water to 
sand was reduced and in the fourth withdrawal the type of sand was changed to that 
used in the initial germination test prior to the experiment (Garside) and the food 
boxes were replaced by trays with holes. It was not until the fourth withdrawal, 
where results showed an increase in viability, that the main reasons for poor 
germination mentioned above seemed clear. It was then decided to adjust the 
germination percentages for withdrawals 1, 2 and 3 on the basis of data for the 
control treatment (11% moisture content). 
The control treatment was considered as an extension of the seed which had 
been stored in Addis Ababa at a moisture content of 11% and temperature of 10 °C. 
There were six germination tests carried out on this seed, the first two at Alice Holt 
when the seed was 175 and 295 days old respectively from the date of collection. The 
second test coincides with zero withdrawal for the actual storage experiment. 
germination test 	storage withdrawal 
I 	 (pre storage) 
2 	 (zero) 
3 	 1 
4 	 2 
5 	 3 
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Figure 4.1 	A2 shows viability in the factorial interaction of the moisture contents of: a. 
6, b. 8, c. 11 and d. 15% with the temperatures of-20, 4, 10 and 21 degrees. 
C is a control and each factorial was considered to have a viability measured 
at zero time. 
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There were two reasons for considering the control treatment to estimate the 
effect of media: 
the control seed was not subjected to any enforced desiccation or 
rehydration; 
the control seed had viability tests before zero storage, at zero storage and 
subsequently during the storage period. 
The first three withdrawal tests in the storage period were done under different 
germination methodology which resulted in a medium effect as mentioned above. The 
effect was removed by dividing the control data into two for Medium 1, (tests 1, 2 
and 6) and Medium 2, (tests 3, 4 and 5). The media are described as follows: 
Medium 1: 	Water to sand ratio 15 ml water to 1 kg of sand, germination tray had 
14 holes, Garside Industrial sand was used. 
Medium 2: 	Water to sand ratio 45 ml water to 1 kg of sand, germination box 
without holes at the bottom, Edinburgh local sand used. 
Two parallel lines were fitted to data points for Medium 1 and 2 (Figure 4.2a): 
percentage results were transformed into probit values and the mean for each medium 
was calculated, 0.273 and -0.612 for Medium 1 and 2 respectively. The difference 
between Medium 1 and Medium 2 (0.885 probit units) was added to the probit values 
of Medium 2 for all treatments in withdrawals 1, 2 and 3. This is shown Figure 4.2b 
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Figure 4.2 	Adjustment of gernitnation percentage (probit scale) (a) hforc adjustment 
Upper line represents Medium 1; lower line represents Medium 2, (b) after 
adjustment-  
4.3.6 	Gradient of decreasing viability lines 
'Zero withdrawal' tests were not carried out immediately after diving (MC 6 and 
MC 8%) and rehydration (MC 15%) but only the control seed (MC 11%) was tested 
when the storage began. Analysis of variance calculated for the slopes of decreasing 
viability lines without 'zero' withdrawal points showed moisture content to be highly 
significant (F = 68, p < 0.001), temperature less so (F = 388, p < 0 05) and their 
interaction also highly significant (F 	11 .02, p <000 I). 
This is similar to analysis of variance of slopes including zero withdrawal points 
(Table 4.3, ranking of slopes is shown in Appendix 4.2). However all F-values 
without 'zero' withdrawal points were less than those including 'zero withdrawals 
Moreover, F-value for the temperature without 'zero' withdrawal was significant only 
at 0.05 probability. The trends of decreasing viability lines including zero' withdrawal 
points are now considered in detail. 
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Analysis of Variance (Balanced Designs) 
Analysis of Variance for b(WDO-4) 
Source DF SS MS F P 
MC 3 112.202 37.401 209.54 0.001 
Temp 3 26.956 8.985 50.34 0.001 
MC*Temp 9 51.134 5.682 31.83 0.001 
Error 48 8.567 0.178 
Total 63 198.859 
MEANS 
Moisture content % 
Temperature 6 8 11 15 X 
-20 248cdefg -2 94ghijklm .268efghi -6.450 -3.63c  
4 2,19bcdef 192abc 204abcd _262defgli _219a 
10 1 72ab 217bcde 2 92ghijkl 430n 2 78b 
21 270efghij -1.47 287ghijk -8.I 1P 3 78cd 
X 227ab 2.l2 ;263bcdJ  _537d  
Table 4.3 	Analysis of variance and means for the slopes of decreasing viability lines for 
withdrawals 0 to 4. Mean slopes are ranked by LSD: values with the same 
superscript are not significantly different. 
4.3.7 	Trend of viability (adjusted for medium effect and including zero 
withdrawal) 
The viability trends for withdrawals 0 to 4 are shown grouped in Figures 4.3 
and 4.4 for moisture contents and temperatures respectively, and individual lines for 
each combination of storage conditions are presented in Figure 4.5. Detailed 
comments on each graph are not appropriate in this preliminary experiment because 
the original germination data were adjusted for the 'medium effect'. For example, 
viability appears to increase in withdrawal 1 for 15% moisture content combined with 
4° and 21 °C. Results are therefore limited to main effects and trends. 
	
4.3. 7.1 	Effect of moisture content (Figure 4.3) 
There was a noticeable decrease in viability in the first 90 days. The decrease 
from 90 to 365 days is generally linear but at 15% moisture content combined with 
-20° and 21 °C the slope is steep and irregular. There is little variation in slope 
between temperatures at each moisture content apart from the 15% moisture content 
already mentioned. 
4.3.7.2 	Effect of temperature (Figure 4.4) 
The decrease in viability is linear at 4° and 10 °C but at both 200  and 21 °C 
there was little decrease after 180 days storage, apart from 15% moisture content. At 
4 °C there was no significant difference in slope between moisture contents. 
4.3.7.3 	Trends of moisture content *temperature  combinations ('Figure 4.5) 
When all results are placed together it is possible to discern the overall pattern, 
and to select the optimal conditions for storage. It seems that germination rate is best 
when the storage temperature is 4 °C, at which temperature the moisture content (at 
least within the experimental range) was not very important. 
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Figure 4.5 	Compilation of complete data set on the effect of storage moisture content, 
tempeature and time on the germination  of Afrocarpus gracilior seeds. 
Germination rate is expressed as the probit transformation. 
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4.4 Discussion 
4.4.1 	Seed storage category of A. gracilior 
Results of the experiment suggested that the seeds of A. gracilior tolerated 
desiccation to around 6 to 10% moisture content (wet basis). However, this was not 
proved since viability tests were not carried out immediately after desiccation 
treatment. Despite this, it was observed from subsequent withdrawals that viability at 
6 and 8% was better than at higher moisture contents. Storage at sub-zero 
temperatures of -20 °C caused considerable damage to the seed. This result is not in 
agreement with either recalcitrant or orthodox seed storage behaviour. However, it is 
similar to results obtained by Ellis et al. (1991 b) on papaya (Carica papaya), whereby 
the seed tolerated desiccation to between 7.6 - 9.4% moisture content, which lost 
viability faster in cooler conditions. This behaviour would classify A. gracilior into 
intermediate seed storage category. 
Bass (1975) in Hong and Ellis (1995) confirmed that papaya can be stored at 
moisture contents in equilibrium with 50% r.h. (9-10% moisture content) and 10 °C. 
Hence, both the calculated storage conditions and the comparisons with other 
intermediate species, e.g. coffee, which thrive in the same ecological niche with 
A. gracilior could suggest that A. gracilior should be classified as intermediate seed 
storage category. 	Regarding the temperature for the storage condition for 
A. gracilior, it has been found to be between 4 and 10 °C but appears slightly close to 
10 °C (see Table 4.3). A further example of intermediate seed reported by Hong and 
Ellis (1995) has been Citrus spp. with the storage moisture content which could agree 
with the result obtained for A. gracilior. 
4.4.2 	Effect of storage conditions on seed viability 
The reduction in viability during the first 90 days is due to desiccation 
intolerance caused by two factors: 
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reduction of moisture content (to 6 and 8%) after 260 days stored in 
Addis Ababa at 11% and 10 °C, and 35 days in Edinburgh at 
approximately 20 °C; 
the sub-ambient temperature of 10 °C in Addis Ababa may have broken 
dormancy and exacerbated the above desiccation damage. The fact that 
re-hydrated seeds gave higher germination in the first withdrawal supports 
the view that storage in Addis Ababa might break dormancy and the seeds 
might be on sub-lethal damage which could be repaired. 
The drop in viability during the first 90 days for seed maintained at 11% 
moisture (as during storage in Addis Ababa) is probably due to the higher temperature 
experienced in Edinburgh (prior to the experiment) which would start pre-germinative 
processes requiring more moisture. 
According to Ellis et al. (1991a) Coffea arabica, in the intermediate seed 
storage category, was more vulnerable to desiccation sensitivity than orthodox seeds 
at the initiation stage of germination. Premature germination might be initiated at any 
time before storage (during seed processing for example). In coffee seed, germination 
has been initiated during the course of maturation and proceeds throughout 
imbibition: all treatments in which germination would be expected to have been 
initiated, or to have proceeded further, increased desiccation sensitivity (Ellis et al., 
1991 a). 
Koster and Leopold (1988) reported that both the emergence and leakage 
studies on orthodox seed confirm that desiccation tolerance of the radicle is lost soon 
after the emergence from the seed coat. Hence, A. gracilior could be grouped with 
coffee in that desiccation sensitivity (lethal point of water) is reached before the 
radicle emerges. In A. grad/br variance due to moisture content was lower than that 
of temperature until the third withdrawal, after which variance due to moisture 
content overtook that of temperature (Table 4.2). This was the point where the 
difference between moisture treatment became high. It might be that seeds of most 
moisture treatments became desiccation sensitive and that probably seed death had 
taken place (e.g. those at 15% MC) after the third withdrawal. 
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Another reason for an effective decrease of viability between withdrawal 0 and 
withdrawal 1 (90 days) for the moisture contents of (6, 8, and 11%) (see Figures 4.4 
and 4.5) was that it was a common practice in Ethiopia to soak fresh seeds of A. 
gracilior for about three days so as to remove the fleshy coverings. There is evidence 
to support the idea that seeds would lose their desiccation tolerance if they are 
subjected to pre-soaking for some hours. Pre-soaking, even for as short a period as 
three hours, has deleterious effects on the ultrastructure of rye (Secale cereale) 
embryos when dehydrated to their initial moisture content, Sargent et al. (1981) in 
(Hong and Ellis, 1995). Similarly, Hong and Ellis (1992b) reported that mung bean 
which had been imbibed for eight hours lost 5% viability when dried back to between 
4.3% and 6.4% moisture content, despite no seeds germinating during this imbibition 
treatment. The pre-soaking of A. gracilior seed for about 3 days might have started 
precocious (premature) germination. 
Yet another reason for the early decrease in viability could be related to the fact 
that A. gracilior gametophyte-embryo is quite oily compared to the seed coat. On the 
contrary the moisture content of the seed coat is about 2.5 times higher than the 
moisture content of the gametophyte plus embryo. Thus the moisture content of the 
seed is mainly that of the seed coat. This would mean that the moisture content of the 
gametophyte plus embryo might not be properly estimated as its moisture content is 
overshadowed by the moisture content of the seed coat. What actually determines the 
right level of moisture content for survival will be the moisture content of the 
gametophyte and particularly of the embryo. When this is more than the optimum, it 
may result in premature germination. Further dehydration of such seeds can inflict 
damage on the seeds because of desiccation intolerance of the seeds. There is 
evidence that oily seeds should be dried further down to have an equivalent water 
potential with that of the starchy seeds. This shows that the oily gametophyte plus 
embryo has a higher water potential than the seed coat. If the seed is stored before 
the gametophyte plus embryo moisture content comes in equilibrium with that of the 
seed coat, viability can be lost particularly on further desiccation of the seed. 
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4.4.3 	Storage treatment for primed and dried seed 
Seed rehydrated to 15% moisture content ('primed') showed that viability can be 
maintained provided storage temperature is sub-ambient but not sub-zero. In the 
experiment, 4 °C and to a less extent 10 °C achieved this, but both 21° and -20 °C 
resulted in rapid fall in viability. 
The alternative dried seed retains viability because of its low level of metabolic 
activity. The results showed that storage at 6 or 8% moisture - at a wide range of 
temperature, excepting sub-zero - maintained viability equally well to the primed seed 
above. 
Both groups of seeds (primed and dried) have survived because both have met 
different physiological requirements which enabled them to survive. According to 
Heydecker (1977), dry seeds survive because their metabolic processes are greatly 
slowed down, whereas imbibed dormant seeds, though not germinating, are 
nevertheless highly active in other respects and continually repair any cytological 
damage they have experienced; they thus remain at the peak of their performance 
capacity for much longer than if they were dry. The seed under environmental stress 
can not germinate. At some stage along the scale of moisture content for example, 
water stress can delay germination for a long or short time. Heydecker (1977) 
reported that when re-imbibition is arrested somewhere between the unimbibed 
quiescent and fully imbibed germinative condition the embryo is caught in a stress 
situation in which it can be maintained for days or weeks. In the case of this 
experiment, 11% moisture content appears to be in the upper limit of the dried 
quiescent stage, i.e. intermediate between the dried and primed condition. 
4.4.4 	Effect of germination medium on viability 
Other reasons for the low germinability of the seeds at withdrawals 1 (90 days), 
2 (180 days) and 3 (270 days) was the type of sand used for germination. It was 
observed that the Edinburgh local sand used for germination was clayey and in some 
cases formed suspension when the water ratio was increased but became compact 
when the ratio of water to sand was reduced. This condition appeared to hamper air 
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circulation and might have also physically hindered the emergence of germinating 
embryo. 
Another important factor of germination methodology which occurred 
particularly at withdrawal 2 (180 days) was the change of germination tray to food 
boxes. In the first withdrawal, replications were done within the same large tray by 
dividing the sand into four plots. In the second withdrawal, in an attempt to have 
replication as individual boxes, four boxes without holes at the bottom were used for 
each treatment. As the boxes had tight covers the level of oxygen was limited to just 
what was in the box. This was the point where most seeds showed the least 
germination, other than a complete loss of viability due to ageing. The absence of 
good aeration might have resulted in anoxia. According to Heydecker (1977) more 
oxygen is sometimes required for germination than for growth and in order to trigger 
germination, oxygen has to be made available for its specific process which differs 
from conventional respiration' and which probably takes the pentose phosphate (PP) 
pathway. 	Therefore metabolic processes which inhibit respiration can trigger 
germination. 
The water-sand mixture used in Withdrawals 1, 2 and 3 was different from the 
one used in the last withdrawal. In the former three withdrawals, the water to sand 
ratio was 45 ml to 1 kg of sand. As it was observed later in the last withdrawal, 
A. gracilior appears to be suffocated by excess water in the sand. The water just 
above requirement seems to affect the normal respiration when germination has 
started. In the last withdrawal the ratio of water to sand was 15 ml to 1 kg of sand. 
For the last withdrawal, the sand type itself was changed. Industrial Garside 
sand, which the Forestry Commission Southern Research Station used for the same 
seed before this experiment was started, was used. As a result of several changes in 
the methodology of germination a better result was achieved in the last withdrawal 
(Figure 4.1). 
4.4.5 	Conclusions and Recommendations 
The seed storage treatments which best maintained viability of A. gracilior in 
this experiment were as follows: 
M. 
Moisture content % 





It is clear that it is best to store seed at 4 °C irrespective of moisture content, and at 
10 °C with the moisture contents of 6 and 8%. 
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CHAPTER 5 
Storage experiment of Afrocarpus gracilior seed 
5.1 Introduction 
A seed's longevity is mainly dependent on the moisture content and temperature 
at which it is stored. Within a species, the seed has an optimum storage condition, 
although there is likely to be variation between seed lots. This variation could happen 
for different reasons. Environmental conditions might change from year to year and 
that could cause some variation between seeds during development on the parent 
plants. Seed size and vigour are influenced by environmental and genetic factors. 
According to Ellis and Roberts (1981) the value of K (viability immediately after 
harvest) may differ within a seed lot because it is influenced by preharvest 
environment and genotypes. Similarly, Pritchard et al. (1993) pointed out that 
temperature is one of a number of environmental factors that influence seed 
development on the parent plant with respect to dormancy status which was shown to 
vary considerably between years and to be associated with average daily temperature 
maxima and minima during development. The ability of the seed to maintain its 
viability for a long time depends critically on its initial maturity. Several researchers 
have directly and indirectly observed that temperature or heat sums, solar radiation 
and precipitation could lead to seed development, expressed as a maturity index, 
where the more mature seeds have greater vigour and germination potential 
(Edwards, 1980). Storage moisture content and temperature limits could also be 
related to the pre-storage conditions of the seed from its early development on the 
parent plant. Seed size, seed desiccation rate, seed longevity and the habitat of the 
parent species have all been found to be related to storage physiology (Tompsett, 
1992). 
The purpose of this experiment was to investigate the optimum storage 
condition for A. grad/br seeds to prolong viability measured by germination method. 
The storage conditions of the present experiment were similar to those of the 
preliminary experiment on storage of A2 seed (Chapter 4). However, the upper 
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moisture content treatment was 17% (rehydrated from 10%), and the lower 
temperature limit was -5 °C. The reason for these changes was that the uppermost 
moisture content (15%) and the lowest temperature (-20 °C) used in the previous 
chapter gave the best germination (in the first withdrawal) and the worst respectively. 
It was then thought that the moisture content might not be high enough in the upper 
limit and the temperature was too low in the lower limit. Hence, the moisture content 
and temperature were increased from 15 to 17% and -20 to -5 °C respectively. 
5.2 Materials and Methods 
The A3 seed lot was collected in March 1994 from Lagalencha, Adaba, 
Ethiopia, and transported to Wondo Genet (between collection area and Addis 
Ababa). The seed was soaked in water for two days and the pulp removed by hand 
and discarded. The seed was dried in the sun for two days and transported to Addis 
Ababa on a pick-up vehicle. A further drying was done in the shade at the Forestry 
Research Centre where the seed was stored at just below 10 °C before being 
transported to Edinburgh by air in the same month of collection. The moisture 
content on arrival was 10% and the seed was stored at 10 °C in Edinburgh for a 
period of 40 days before starting this experiment. This seed was about 15% larger in 
size than A2. Seeds were thoroughly mixed before the storage experiment was 
established. The design was a factorial experiment of the moisture contents (6, 8, 10 
and 17%) and the temperatures (-5, 4, 10 and 21 °C). 
The number of seeds taken for the experiment, the method of drying/rehydrating 
and hermetic storage were exactly the same as for the A2 seed lot (see Chapter 4). 
Regarding germination (viability test), the method used in the fourth withdrawal 
of A2 seed (Chapter 4) was adopted as most appropriate. Thus the germination 
medium was Garside Industrial sand (15 ml water per kg of the sand), incubated at 
30 °C in a growth room of relative humidity 45%, with the trays loosely clipped in 
polythene bags. Mean viability was calculated in Probit value as in Chapter 4, the 
means being ranked (a, b, c, etc as a superscript) on the basis of LSD values derived 
from analysis of variance. 
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5.3 Results 
Mean viability and analyses of variance data for A3 seed are presented in Tables 
5.1 and 5.2, and each withdrawal is now described individually. Ranking of mean 
viability was based on LSD, as shown in Appendix 5.1. 
5.3.1 	Withdrawal 1 
The moisture content had a significant effect on viability (F = 38.98, P <0.001). 
Mean viability decreased with increase of moisture content (Table 5.1a): the 
differences between moisture contents were significant apart from 6 and 8%. 
Viability in relation to the temperature was calculated to be significant 
(F = 34.65, P < 0.001). Mean viability was highest at 4 °C although not significantly 
different from that at 10 °C (Table 5. la) and decreased at -5 °C and 21 °C. 
Viability in relation to the interaction between the moisture content and 
temperature was not significant (F = 1. 12, P > 0.30). There were no significant 
differences between the mean viability in relation to moisture contents of 6 and 8% at 
temperatures of-5, 4 and 10 °C, and similarly, 10% at 4 and 10 °C. The interaction 
of the moisture content 17% with the temperature of -5, 10 and 21 °C resulted in the 
lowest seed viability. 
5.3.2 Withdrawal 2 
The effect of moisture on viability remained highly significant (F = 100.83, 
P <0.001) with viability progressively decreasing as moisture content increased. 
However, the difference between the means for moisture contents 6 and 8% was 
again not significant although differences between other moisture contents were 
significant (see Table 5. ib). 
Regarding the effect of temperature, viability at 4 °C was the highest. Viability 
at -5 and 10 °C was not significantly different and at 21 °C was recorded the least. 
The overall interaction of the moisture content and temperature on mean 
viability was significant (F = 4.07, p = 0.001). Combinations of moisture contents 6 
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WD I Moisture content % 
Temperature 
6 8 10 17 X 
-5 60abcd 59abcde 51gh 42jk1 53bc 
4 62' 61ab 55bcdefg 499hi 
10 59abcde 60abc 58abcdef 41k1rn 55ab 
21 48hij 43ijk 42jk1 33fl 
x I 	57a 52c  56ab 
WD2 Moisture content % 
Temperature 
6 8 10 17 X 
-s 58ab 53abcde 46efg 26ij 46bc 
4 5a 59a 49bcdef 38gh sia 
10 57abc 59a 56abcd 17m 47b 
21 29i 25ijk 24ijkl 811 22d 
x I 	sia [ 	49ab 44C 22d  
WD3 Moisture content % 
Temperature 
6 8 10 17 X 
-5 57b 42bc 27efgh 17ij 36b 
4 53a 41bcd 41bcd 29ef 
10 41bcd 44bcd 30c Ilk 32bc 
21 28efg 18i 10k1 1m 14d 
x[ 45a 36b 27C 15d  
\VD4 Moisture content % 
Temperature 
6 8 10 17 X 
-s 2hij 10cde 7cdef 1hijk 5bcd 
4 25a 3111 3111 4fgh gab 
10 21 ab 7cdefg 1 0cd 0ijkl 10a 
21 7cdef 13bc 3hij 0ijkl 6bc 
x l4a 8b f 	6bc Id 
Table 5.1 	Mean viability (germination %) for A3 seed; ranked on the basis of LSD as 
indicated by superscripts. 
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Analysis of Variance for WD1 
Source DF SS MS F P 
MC 3 151019 0.50340 38.98 0.000 
Temp 3 1.34234 0.44745 34.65 0.000 
MC*Temp 9 0.13003 0.01445 1.12 0.368 
Error 48 0.61992 0.01292 
Total 63 3.60249 
Analysis of Variance for WD2 
Source DF SS MS F P 
MC 3 6.62199 2.20733 100.83 0.000 
Temp 3 6.73048 2.24349 102.48 0.000 
MC*Temp 9 0.80241 0.08916 4.07 0.001 
Error 48 1.05078 0.02189 
Total 63 15.20566 
Analysis of Variance for WD3 
Source DF SS MS F P 
MC 3 7.9563 2.6521 141.99 0.000 
Temp 3 7.4765 2.4922 133.42 0.000 
MC*Temp 9 1.1330 0.1259 6.74 0.000 
Error 48 0.8966 0.0187 
Total 63 17.4623 
Analysis of Variance for WD4 
Source DF SS MS F P 
MC 3 5.28008 1.76003 27.55 0.000 
Temp 3 0.52343 0.17448 2.73 0.054 
MC*Temp 9 5.30296 0.58922 9.22 0.000 
Error 48 3.06665 0.06389 
Total 63 14.17312 
Table 5.2 Analyses of variance for A3 seed percentage viability transformed to probit 
scale. 
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and 8% with temperatures of -5, 4 and 10 °C were the best and not significantly 
different from each other; combinations of 10% moisture content with temperatures 
of -5, 4 and 10 °C were intermediate and combinations of moisture content 17% with 
all temperatures or of temperature 21 °C with all the moisture contents were the 
poorest (Table 5.1b). 
5.3.3 Withdrawal 3 
The effect of moisture content on viability was highly significant (F = 141.99, 
P <0.001). The viability again decreased as moisture content increased and there 
were significant differences between all four means. 
The effect of temperature on viability remained significant (F = 133.42, 
P <0.001) with a decrease from the previous withdrawals but the same trend of mean 
values as in previous withdrawals. 
The effect of interaction between moisture content and temperature on viability 
was that there was a general decrease of viability with increasing moisture content for 
all the temperatures. The combination of moisture content 6% with temperature 4 °C 
was significantly higher than all others. The combination of 6 and 8% with -5, 4 and 
10 °C maintained viability better than others, as in previous withdrawals, and the 
combination of 10% with 4 °C was in the same significance level. The interaction of 
17% with all the temperatures and of 21 °C with all the moisture contents again 
showed very low viability, a combination of 17% and 21 °C being the lowest. 
5.3.4 Withdrawal 4 
There was a marked reduction in viability compared with the previous 
withdrawals. Analysis of variance showed the moisture content effect (F = 27.55, 
P <0.001) to be more significant than the temperature effect (F = 2.73, p = 0.054). 
Viability at 6% was significantly higher than at other moisture contents; at 8 and 10% 
viability was intermediate and not significantly different, and at 17% it was 
significantly lowest (only 1% germination). 
The moisture content and temperature interaction effect on viability was 
statistically significant (F = 9.22, p < 0.001). The combinations of the moisture 
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content 6% with temperatures of 4 and 10 °C were ranked highest, and there was no 
significant difference between them. A moisture content of 6% combined with 
temperatures of -5 and 21 °C resulted in poor viability but 8% moisture content 
combined with the same temperatures gave a relatively better result, not significantly 
different from 10% moisture content at -5 and 10 °C. The only seeds to germinate at 
17% moisture content were at -.5 and 4 °C (1 and 4% respectively). 
5.3.5 	Slope of declining viability 
Seed death is normally distributed in a given environment. This distribution may 
be displaced to the left or to the right depending on the condition at which the seed 
has been stored. The transformation of percentage viability to probit values gives a 
linear relationship from which viability can be predicted in a specified time. Slopes 
with initial values were calculated from the probit values by using the standard 
formula and displayed in Table 5.3. The mean slopes were analysed by analysis of 
variance using LSD, calculated from Error Mean Square using the formula 
4(2 EMS)/N to compare the difference between treatment means, and ranked on 
this basis (Appendix 5.2). 
The rate of declining viability increased with an increase in moisture content 
(Table 5.3). In the case of temperature, rate of declining viability was least at storage 
temperatures of 4 and 10 °C, greatest at 21 °C and intermediate at -5 °C. 
Considering the interaction of moisture content and temperature, seeds dried to 
a moisture content of 6% and then stored at temperatures of 4 and 10 °C were found 
to have the best longevity. Seeds with 17% moisture content showed relatively rapid 
decline in viability at -5, 10 and 21 °C. 
Analysis of variance was carried out for the mean slopes (Table 5.4). The F 
value for moisture content effect (45.27) was higher than those for temperature (F = 
7.49) and the interaction of moisture content *temperature (F = 9.93) but all effects 
were highly significant. It appears from the F-values that the moisture content effect 
was most important. 
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Moisture content % 
Temperature
Oc  6 8 10 17 X 
-5 _5 • 26ijld 401cd _438cdefgh 587k1m _488bc 
4 509efghijk _505efghij 495efghi _440a 
10 302ab 428cdefg 428cdef 638mno 450ab 
21 4 27cde 590k1mn -6.990P 527cd 
X 3.76a  4.90c 605d  
Table 5.3 	An analysis of the rate of loss of viability over time. The values refer to the 
slope of the relationship between germination rate and time, where 
germination is expressed in probit units: superscripts denote ranking on the 
basis of LSD, i.e. means with the same superscript are not significantly 
different. 
5.3.6 	Comparison of trends of declining viability at different moisture 
contents 
Graphs of declining viability were drawn to compare moisture contents and to 
see the effect of temperature at each moisture content (Figure 5.1). 
A combination of every moisture content with a temperature of 21 °C resulted 
in consistently declining viability from the beginning of the storage period. The 
moisture contents of 6 and 8% maintained viability well up to 270 days after which 
the viability dropped rapidly. With the control moisture content (11%) viability 
decreased rather steadily, apart from the storage temperature of 4 °C which showed a 
rapid decrease after 270 days and similarly 10 °C after 180 days. At a moisture 
content of 17% viability declined relatively quickly followed by a rapid decrease after 
270 days. It can be seen that viability dropped significantly at about 300 days after 
collection. 
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Source DF SS 
MC 3 45.7634 
Temp 3 7.5758 
MC*Ternp 9 30.1146 
Error 48 16.1735 
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Analysis of variance for the mean slopes of declining viability lines and mean 
values of the slope for moisture content , temperature and moisture 
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Figure 5.1 	Trends of declining viability with time at different moisture contents (me): 
separate graphs for storage temperature are shown for each moisture content. 
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5.3.7 	Comparison of trends of declining viability at different temperatures 
Graphs of declining viability were drawn to compare storage temperatures, and 
to see the effect of moisture content at each temperature (Figure 5.2). A combination 
of every temperature with a moisture content of 17% showed the most rapid decline 
in viability, generally becoming more rapid after 270 days. At temperatures of -5, 4 
and 10 °C seed viability decreased slowly initially and then more rapidly (after 180-
270 days) apart from 17% moisture content where viability declined more or less 
consistently throughout. A temperature of 21 °C also resulted in consistently 
declining viability from the start of the storage period, most rapidly at 17% moisture 
content. At -5 °C, after 270 days, seeds with moisture contents of 6 and 17% showed 
more rapid decrease in viability than seeds with moisture contents of 8 and 10%. At 4 
and 10 °C, seed with 6% moisture content showed highest viability after storage for 
one year. 
Figure 5.2 	Trends of declining viability with time at different storage temperatures: 
separate graphs for moisture content are shown for each temperature. 
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5.4 	Discussion of storage behaviour (A3 seed) 
5.4.1 	Moisture content effects 
It appears that the seed tolerated desiccation down to 6% moisture content 
since longevity was relatively better at low moisture content treatments. This is 
similar to the behaviour of orthodox seeds. Some researchers explain desiccation 
tolerance in terms of cell membrane stability. Stability of membranes in seeds depends 
on the ratio of oligosaccharide to sucrose. Oligosaccharide is accumulated by slow 
drying during seed maturation (Blackman et al. (1992) in Lin and Huang (1994)) and 
the proportions of sugars are controlled by the genetic make up of the species. 
Recalcitrant seeds are in the process of continuous germination after seeding and 
hence have a low concentration of oligosaccharides because of ongoing carbohydrate 
metabolism (Lin and Huang, 1994). In the same experiment Lin and Huang reported 
that the mole ratio of stachyose + raffinose (oligosaccharides) to sucrose is required 
to be at least 0.05 to develop desiccation tolerance as seen in orthodox seeds. The 
same research group found that for Podocarpus nagi and P. macrophyilus (both 
recalcitrant species) the above mole ratio was 0.039 and 0.044 respectively. 
According to Koster and Leopold (1988), sucrose may interact with membrane 
surfaces as water is removed during dehydration in the presence of oligosaccharide 
and eventually the membrane is stabilised and protected. They explained this by 
suggesting that the hydroxyl group of sucrose may replace that of water by hydrogen-
bonding to the phospholipid head groups of the membrane and an amorphous 'glass' 
can be formed which appears to strengthen the cell membrane during drying. By 
contrast, in a recalcitrant Guilfoylia nionostylis seed below certain moisture contents 
(about 43-44%) there is insufficient oligosaccharide present for membrane 
stabilisation and the deleterious effects of slow drying become apparent (Nkang, 
1988). The fact that Afrocarpus gracilior tolerated desiccation down to 6% moisture 
content could indicate that the mole ratio of oligosaccharide to sucrose is within the 
range of orthodox seed storage behaviour. 
When the control seed of A. gracilior was rehydrated from 10 to 17% moisture 
content, particularly at the higher temperature of 21 °C, it lost viability rapidly 
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compared to other moisture contents (see Tables 5.1 and 5.3). One possible reason 
for this is that the seed enters the early stages of germination, which cannot be 
completed for lack of sufficient moisture, i.e. it has become desiccation intolerant. 
This behaviour again indicates orthodox character. The fact that seeds survived 
desiccation below 20% moisture content indicates that it is not recalcitrant. 
	
5.4.2 	Temperature effects 
It is clear that this seed does not tolerate storage at low temperatures, e.g. 
-5 °C. This indicates non-orthodox character in contrast to the previous section. At 
temperatures of 10 °C and below the trend of decreasing viability with time was 
convex, showing rapid fall in viability after 180-270 days storage. This can be 
explained in terms of cumulative damage: Vossen (1979) reported a similar result 
with coffee seed (intermediate category) in that seed chilled below 10 °C suffered a 
rapid loss of viability irrespective of moisture content. By contrast, seeds stored at 
higher temperature (21 °C) showed a concave trend of decreasing viability with a 
reduced rate of decline after 180 days storage. This might be explained by the 
operation of a repair system; it is possible that such a system would operate best at a 
storage temperature of between 10 and 21 °C and moisture content of between 8 and 
17%. 
5.4.3 	Effect of moisture content and temperature interaction 
Most of the treatment combinations showed a constant decrease in viability up 
to a storage period of 270 days after which there was a rapid decline in viability. The 
viability of seed dried to 6% moisture content declined considerably at -5 °C after 270 
days but less quickly at 4 and 10 °C. This shows that the seeds which have been dried 
most (6%) were susceptible to damage at lower temperatures, particularly below 
zero. Ellis et al. (1990a) researching on Coffea arabica, a species with intermediate 
seed storage behaviour, found the behaviour to be inconsistent: some individuals of 
certain seed lots survived considerable desiccation and, at least, short-term storage at 
subzero temperature whereas seeds of other lots were much more sensitive to damage 
resulting from desiccation and storage at subzero temperature. In this study viability 
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of seed dried to a moisture content of 6% at 21 °C kept relatively well but fell 
drastically after 270 days possibly because the seed had a low metabolic rate with little 
operation of repair system. 
Cumulative damage to cellular organelles may result in seed deterioration 
gradually or dramatically (Roberts, 1973). He pointed out that during seed 
deterioration (membrane damage, impaired biosynthesis, greater susceptibility to 
environmental stress and inability to germinate) the seed accumulates chromosomal 
damage and evidence suggests that this is a continuous, slow but cumulative process 
beginning soon, or possibly immediately after harvest. Similarly, Hendry (1993) 
reported that seeds are in no significant way exempt from the ravage of free radical or 
oxidative attack, and decline in viability, whether natural or artificial, has long been 
associated with damage to nucleic acid and cell membranes. Actively respiring seeds 
seem likely not to suffer from oxidative damage. Seeds hydrated to full imbibition 
(Basu and Pal, 1980) and moist, ungerminated recalcitrant seeds of Quercus robur 
Hendry (1993) have no such problems as they produce protective enzymes with 
quenching properties. 
However, seeds stored with moisture contents of 8, 10 and 17% at 21 °C 
showed a constant decline in viability (8% moisture content was the best): this could 
be due to an effective repair system occurring under these conditions. This is in 
conformity to the report by Tilden and West (1985) that the mechanism of reversal is 
probably metabolic because it depends on temperature, moisture content and 
treatment duration. Repair may occur at moisture content values below full 
hydration, as low as 20-25% in onion and 15% in lettuce. 
5.4.4 	Conclusions 
The main points raised in the above discussion are as follows. 
1. 	The seed of A. grad/br demonstrates intermediate behaviour. Although it 
withstood desiccation to 6% indicating orthodox character, its viability fell 
rapidly after 270 days storage at this moisture content showing that it is not 
truly orthodox. Equally, it is not recalcitrant because the majority of seeds 
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survived desiccation below 20%. The fact that seed was damaged at low 
temperatures, particularly subzero, again indicates that it is not orthodox. 
The storage behaviour of A. grad/br is similar to that of some tropical species 
of intermediate category, such as Coffea arabica and Carica papaya. It shares 
the same ecological conditions as coffee. 
Seed dried to a lower moisture content (6%) and stored at lower temperatures 
(e.g. -5°) showed a drastic decline in viability on a subsequent storage. The 
optimum storage condition appears to be between the moisture content of 8 and 
17%, close to 8 and between the storage temperature of 10 to 21 °C close to 
10 °C. 
5.5 	Comparison of 3 storage experiments: A2 seed tested by tetrazolium and 
germination, and A3 seed tested by germination 
The effects of moisture content and temperature on seed viability are shown in 
Figures 5.3 and 5.4 respectively, comparing tetrazolium tests on A2 seed with 
germination tests on A2 and A3 seed. The discussion compares tetrazolium and 
germination tests on the one hand, and the two seedlots on the other. 
5.5.1 	Comparison between tetrazolium and germination methods 
Tetrazolium values are higher than germination values when measuring viability. 
As TZ and A2 experiments share identical seed they were expected to show small 
differences. Several researchers (Gaspar and Nagy, 1981; Moore, 1985; Leadem, 
1995) indicated that tetrazolium results are higher than the corresponding germination 
values because TZ is independent of dormancy. In a highly dormant seed TZ could 
give a poor prediction of germinability. 
In these experiments, the trend of viability is found to be similar. Comparison 
between the three experiments (TZ, A2 and A3) shows that viability decreases with an 
increase in moisture content (Figure 5.3) and shows a peak in the region of 
temperature between 4 and 10 °C (Figure 5.4). 
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Analysis of variance between the slopes of declining seed viability over time in 
relation to storage moisture content and temperature indicated that there are no 
significant differences between the three experiments (F = 1.40, P > 0.27 for 
Experiment*MC;  F = 1.81, P >0.15 for Experiment* Temperature: Table 5.5). This 
means that the tetrazolium and germination methods of determining viability are 
reasonably correlated within the experimental range of storage conditions: the 
increased germination values at 8% and 21 °C may be due to the operation of repair 
systems, as discussed earlier. 
In addition to dormancy, incubation temperatures may cause a wide difference 
between results of tetrazolium and germination tests. For example, A. grad/br can 
stain with tetrazolium over a wide range of temperature (say between 20 and 35 °C), 
but is sensitive to temperature for germination, the best being 30 °C. 
Lack of skill in interpreting the results of tetrazolium tests is another source of 
difference between the two methods: the pattern and intensity of staining varies and 
long experience is necessary for consistent results. 
Source DF SS MS F P 
Expt 2 45.5411 22.7705 39.87 <0.001 
MC 3 67.5127 22.5042 39.40 <0.001 
Temp 3 24.7807 8.2602 14.46 <0.001 
MC*Temp 9 19.6096 2.1788 3.81 0.008 
Expt*MC 6 4.8129 0.8022 1.40 0.266 
Expt*Temp 6 6.2051 1.0342 1.81 0.154 
Error 18 10.2807 0.5712 
Total 47 178.7428 
Table 5.5 Analysis of variance for the slope of declining viability with time for the three 
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Figure 53 	The effect of moisture content on viability of A. grad/or seed after 12 
months in storage. Viability was measured by TZ (for A2) and by 
germination (for A2 and A3). T -20/-5 °C means that A2 seed was stored at - 
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Figure 5.4 	The effect of temperature on A. gracilior seed after 12 months in storage. 
Viability was measured by TZ test (A2) and germination (A2 and A3). A2 
seed was rehydrated to 15% moisture content while A3 seed was rehydrated 
to 17%. 
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5.5.2 Comparison of A2 and A3 seed lots 
Examination of Figures 5.3 and 5.4 suggests that the main difference between 
the three experiments came from the seed lots. The two seed lots had different 
viability (germination method) on receipt (81% for A2 and 64% for A3). However, 
A2 still showed a viability of 49% (with its best storage combination) two years after 
collection while A3 only showed a viability of 25% after one year. The possible 
sources of the differences between the two seed batches are now considered. 
Genetic variation 
Conifers in general show more variations within the species than do the broad-
leaved plants (Dr C N Page, pers. comm., 1995). It appears that Afrocarpus has a 
wide genetic base and might interbreed with other East African Podocarpaceae. 
Afrocarpus are intermediate in taxonomic position between south-east Asian genera 
Nageia and Retrophyliurn on one side and African Podocarpus on the other (Page, 
1988). It could therefore be that the genetic variability is high for significant 
characteristics within the same provenance. Ellis et al. (1991a) worked on different 
cultivars of Coffea arab/ca and pointed out that desiccation sensitivity varied among 
lots within cultivars. Similarly, Hong and Ellis (1992) indicated that differences in 
response to given storage environments could have arisen as a result of the effect of 
either genotype or provenance and hence a seed lot should encompass a wide range of 
genotypes. 
Seed quality 
The environmental conditions at the time of seed formation can have a great 
influence on the quality of a seed. The right temperature, adequate soil moisture for 
plant growth, enough light and adequate length for the growing season can determine 
the quality of a seed (Quinhivan ci al., 1987). Regarding A2 and A3 seed lots, one of 
the possible causes for the differences in their viability could be environmental stress. 
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Seed immaturity is one of the possible causes of low quality seed. If the seeds 
are harvested before they have accumulated storage reserves, the cell membranes 
cannot withstand desiccation. Experiments on immature (green) and mature (yellow) 
seeds of Coffea arab/ca indicated that green berries were most sensitive to the initial 
desiccation treatment, more than half the population being killed when dried to 11.6% 
moisture content, while yellow berries showed the greater tolerance to desiccation 
(Ellis etal., 1991a). 
Seed extraction and drying are very important steps to procure a quality seed. 
Pre-soaking prior to seed extraction is practised in Ethiopia in order to soften the pulp 
for easy removal by hand. Regarding Afrocarpus seeds, whether or not pre-soaking 
has any beneficial effect is not yet clear. Rehydrated seed from 11 to 15% moisture 
content in a saturated atmosphere and stored at 4 °C had more or less the same 
viability after one year of storage compared with the seed dried down to 8% moisture 
content and stored at 4 or 10 °C. Researchers have different opinions about pre-
soaking on some other species. Chowdhuiy and Chouduri (1987) reported that pre-
soaking followed by dehydration caused an improvement in membrane integrity in 
jute. On the other hand, Bewley (1979) pointed out that pre-soaking followed by 
dehydration can gradually shift the seed from desiccation tolerant to desiccation 
intolerant. Pre-soaking might cause physical injury, in that cellular membranes of the 
fresh seed offered great resistance to the rapid entry of water into the cell of fully 
immersed seed and suffered greater damage than the relatively leaky membranes of 
the older seed (Basu and Pal, 1980). 
In Afrocarpus seed, there is a gradual loss of moisture before the seeds are shed 
followed by a rapid loss of moisture after shedding. Fresh seed from which the pulp 
had been removed and dried in the shade had a moisture content of 12% in three days. 
This seed was stored in Edinburgh at 4 °C and lost its viability in a period of six 
months. It has been observed in several supportive experiments of this study that the 
embryo of such a seed could still contain a high moisture content and it needed more 
time to equilibrate with the surrounding tissues. Measurements on two Afrocarpus 
seed lots A4 and B2 (Table 5.6) indicated that the seed coat and the gametophyte 
have different composition: 	for example, the moisture content of coat and 
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gametophyte were 14.4 and 6.6% respectively (averaged for both seed lots) before 
the embryo was equilibrated. After equilibration at 15 °C and 15% rh for 15 days the 
oil content was found to be 0.5% for the seed coat but 65.5% for the gametophyte, 
and the moisture content to be 6% and 2.4% respectively. Thus, the moisture content 
ratio of coat to gametophyte increased from 2.2:1 before equilibration to 2.5:1 after 
equilibration. This shows that there is a moisture content gradient in the seed; the 
embryo was wetter than expected at the end of the ordinary drying method. Although 
the moisture content of the gametophyte is less than the seed coat, it might have 
insulated the embryo from losing some moisture. The water potential of the embryo 
could be higher than that of the surrounding gametophyte or seed coat. This indicates 
that slow drying for about three weeks in a dry condition of about 25% rh and 15 °C 
is important to bring the embryo to a stable storage condition. This is in conformity 
with the result obtained by Grout et al. (1983) that if one considers the separate 
constituent tissues rather than the whole seed at low water content it is apparent that 
the embryo retains significantly more water than the surrounding endosperm. In the 
same way, some of the damage could be due to moisture not having equilibrated 
within the seed so that the moisture content of the embryo remained high (Ellis et at., 
199Db). 
(a) 	Moisture content before eauilihration 
Species Coat Gametophyte 
A. gracilior (A4) 14.3 6.7 
A. gracilior (132) 14.5 6.4 
('Li) Equilibrium moisture content (EMC) and oil content 
EMC% 
at_15_°C_  and 
011% 
_15%_rh  
Species Coat Gametophyte Coat Gametophyte 
A. gracilior (A4) 5.9 2.3 0.3 66 
A. grad/br (132) 6.1 2.5 0.7 65 
Table 5.6 	Moisture content before, and moisture & oil contents at the equilibrium point 
in two seed lots of A. gracilior (A4 and 132). 
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Seed size is also important for quality. It is generally true that large seed has 
accumulated more storage reserves than small seed and therefore has more potential 
for germination. However, large seed takes relatively more time to dry and 
precautions should be taken before storing such seed. In this study, it has been noted 
that the size of A3 was 1.5 times the size of A2. However, in terms of longevity after 
storage in the same conditions, A2 seed was able to show germination of about 50% 
two years from the time of collection while A3 (after one year) showed only 25%. 
Ellis el al. (1991 c) found a similar result with intermediate storage category seed of 
oil palm (Eiaeis guineensis) that the largest seed cultivar was the most desiccation 
sensitive. 
5.6 	Conclusions and Recommendations 
With regard to this work, it is now possible to predict the optimal combination 
of storage moisture content and temperature. Further work still remains to be done, 
particularly concerning pre-storage conditions for example. 
It is very important that only mature seeds should be collected. Care should be 
taken not to use seed for long term storage in particular unless it is well known 
that it was collected mature. 
Proper handling is necessary, especially during temporary storage in the field 
and during transporting. Seeds should be contained in small bags to prevent 
moisture build-up and high temperature which cause seed deterioration in a 
short period of time. 
Seed extraction should be based on the objective of collection. If it is for long-
term storage for genetic conservation, no pre-soaking is required, but 
desiccation should continue until the moisture within the seed is equilibrated. If 
the objective is seedling raising for the current plantation programme, pre-
soaking prior to extraction may be considered. 
The optimal storage moisture content appears to be about 8%. 
The optimal storage temperature appears to be about 10 °C. 
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Seed dried to 6% was best stored at around 10 °C: seed dried to 8% stored 
well at a wide range of temperatures, between 4 and 20 °C. On the temperature side, 
4 °C maintained viability well for a wide range of moisture content, 6-15%, although 
A3 seed appears to be damaged at 6%. 
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CHAPTER 6 
Micropropagafion of A. gracilior 
Introduction 
Although the potential benefit of danal propagation in reforestation has long 
been recognised, it has not been well standardised on a world-wide basis. Forest 
resources are being depleted at a faster rate than they are being replaced. Unless all 
the potential regeneration techniques are applied, the very existence of certain tree 
species will be in jeopardy. 
There is a high potential to achieve objectives in the current demand of forest 
resources by using clonal propagation. While a rooted cutting can produce a single 
plant from which, several years later, further cuttings are available, even the most 
limited in vitro culture systems can produce several axillary as well as adventitious 
shoots (Thorpe et al., 1991). Gupta et al. (1993) reported that forest species with 
high-value genotypes can be gained by rapid multiplication through micropropagation. 
The plant multiplication rate can be geometrically increased by removing the 
apical dominance of the growing tip so that axillary buds can be initiated at leaf axils. 
For example, stem segments with removed apical half-length needles from mature 
Pseudotsuga rnenziesii, formed large numbers of axillary buds in vitro, many of which 
rooted (Bonga and Aderkas, 1992). A species of this type can have a high potential 
for micropropagation as all the developing buds could be subsequently used as the 
growing shoots. Subsequent subculturing is needed to increase the number of useable 
shoots. In micropropagation, very small plants can be used, which is one of the 
advantages over ex vitro propagation. It saves time and space. 
Propagated shoots can be made to root in a suitable environment, with or 
without growth regulators. There are many physical and chemical factors that 
promote rooting in vitro. The physical factors: water stress, high temperature, 
activated charcoal, oxygenation and reduced light intensity stimulate rooting, (Gaspar 
and Coumans (1987) in Bonga and Aderkas, 1992). A high auxirulcytokinin ratio is 
necessary for root initiation, and the auxins IBA and NAA are often more effective 
than IAA because of the instability of the latter (Bonga and Aderkas, 1992). Roots 
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are induced on Murashige and Skoog (MS) or Woody Plant Medium (WPM) with 
Naphthalene Acetic Acid (NAA) or Indole Butyric Acid (IBA) at various 
concentrations depending on the type of species. According to Bose and Mandal 
(1973), treatment of cuttings, especially in the tree group including Podocarpus 
macrophyllus, with [BA or NAA improved the rooting percentage. In vitro cultures 
were initiated from seedlings of Faidherbia albida, on MS medium supplemented 
with various combinations of BA at 10-7  M and NAA at 10-7  or 10-8  M, and rooting 
and vigorous growth were most successful on medium supplemented with 10-7 M 
NAA alone, on which 87% of the shoots formed roots (Ruredzo and Hanson, 1993). 
Wainwright and Tutt (1987) reported better callus formation in Betula pendula 
shoots following a three second dip in high concentrations of IBA. 
Cheng et al. (1992) reported that variation in the level of sucrose had significant 
effects on the rooting of Eucalyptus sideroxyion in vitro. Rooting was good at 
concentrations of 5% but inhibited at 9%. Activated charcoal was found to be 
effective in the rooting of axillary shoots of Quercus crispula in vitro after basal 
treatment with [BA for three seconds (Sengi, 1990). 
Incubation conditions of cultures are important in growth and development of 
the roots. According to Pevalek-Kozlina and Kelaska (1989) in vitro rooting of 
Prunus aviuni gave the best result of 70-90% when placing the shoot on agar 
solidified modified WPM supplemented with 2% sucrose and 4.9 mM [BA under a 
regime of 16/8 h light/dark photoperiod at 24 °C and 20 °C and illuminated by white 
fluorescent lamps. 
On the other hand, it has been reported that the concentration of basal media is 
important. Jackfruit (Artocarpus heterophyllus) rooted at 80% on half-strength MS 
salts supplemented with 5.37 mM NAA and 4.92 mM [BA (Roy et al., 1993). 
Aqueous extracts of some plants can inhibit germination and growth of adjacent 
seeds. According to Chou and Waller (1980), aqueous extracts of leaves, stems and 
roots of Coffea arabica significantly inhibited the seed germination of and radicle 
growth of rye grass, lettuce and some other species. Similarly, in Chapter 2 of this 
work, it has been reported that aqueous solution from the seed coat of Afrocarpus 
gracilior could completely inhibit germination of wheat seed. However, in this 
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chapter, an aqueous extract of the seed has been applied in vitro to growing shoots of 
its own species for an observation on effect on growth and rooting. 
Plant material can not be transferred directly to in vitro conditions as there are 
generally contaminating fungi and bacteria present in the substance. These have to be 
removed by surface sterilisation. There are a wide range of explants possible that 
might act as the starting point for a micropropagation process. That being 
investigated in this experiment is the seed and the germinating seed. Several methods 
were used to obtain explants for subsequent experiments. 
6.1 	Experiment 1: Culture initiation, maintenance and multiplication 
6.1.1 Materials and Methods 
In this experiment, 49 clones of A. gracilior were established either from seed 
or germinating seeds using various sterilisation methods. 
Four clones were obtained from 50 seeds of Al seed lot, collected in 
Lagalencha, Adaba, Ethiopia, in January 1993. The explants were surface sterilised 
(Appendix 6.1). Fifty explants were transferred to tubes of MS (1962) basal medium 
(Appendix 6.2) using standard sterile techniques. Some of the explants were gently 
pushed into the medium until half buried with the micropylar end facing the air space. 
Others were cultured with the micropyle end buried in the agar. The established 
cultures were divided into two groups of 25 cultures and incubated in the light 
(81 tmol photons m 2 s-I) or the dark, both at 20 °C. 
Thirteen clones were obtained from 25 seeds of A2 seed lot, collected from the 
same place and at the same time as Al and two clones were obtained from 25 seeds of 
BI seed lot, collected in Sole-Shashemene, Ethiopia, in November 1992. The 
explants were surface sterilised (Appendix 6.1). The explants were transferred to 
10 x  25 cm, flat bottomed soda glass tubes containing 15 mis of moist sterile sand. 
Each of the explants was half buried in the sand medium, using standard sterile 
techniques in the laminar flow cabinet. The tubes were capped with aluminium caps 
and sealed with cling film. The cultures were incubated at 28 °C in the dark and 
germination was assessed at intervals for six weeks. 
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The shoots from the explants that germinated were excised and transferred to 
MS basal medium. 
Five clones were obtained from 135 ex vitro germinated young shoots of A2 
seed lot. The explants were sterilised with calcium hypochlorite (Appendix 6.3). 
Twenty-five clones were obtained from 141 shoots germinated ex vitro of A2 
seed lot by surface sterilisation of young shoots with mercuric chloride (Appendix 
6.4). 
The sterilised explants were inoculated into MS basal medium in the laminar 
flow cabinet using standard sterile techniques. The root end of the hypocotyl was 
discarded and each shoot was pushed into the medium leaving the growing point and 
the leaves in the air above the medium in the tube. The tubes were capped with 
aluminium caps and sealed with cling film. The cultures were incubated at 20 °C in 
the light. 
The growth and development of 17 of the established clones, obtained by 
germination of surface sterilised seeds, were observed over six subcultures of six 
weeks each. The established shoots were subdivided at each subculture into apical 
and stem segments and transferred to fresh MS basal medium. 
6.1.2 Results 
The cultures did not produce axillary buds during normal growth and 
development. However, on subculture, the apical segment continued growth as usual 
without producing any axillary buds whereas the stem segments, initially with no 
buds, were observed to initiate axillary buds in the axils of leaves at the top of the 
stem segment. The number of buds initiated could vary from 0 to 3, with 1 most 
frequent (Figure 6.1). 
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Subculture Number 
Clone 1 2 3 4 5 6 
1 1 3 8 18 16 26 
2 1 1 1 1 1 3 
5 1 3 5 7 4 6 
6 1 2 6 12 19 42 
7 1 3 5 6 6 10 
8 1 3 5 5 1 2 
9 1 1 1 2 3 4 
10 1 4 6 8 16 20 
11 1 4 12 20 20 38 
12 1 3 6 6 2 4 
13 1 4 5 8 8 16 
14 1 4 11 18 13 28 
15 1 3 6 11 11 20 
16 1 3 5 8 13 27 
17 1 4 8 13 14 32 
18 1 3 4 3 1 1 
19 1 3 4 6 4 6 
Table 6.1 	The multiplication of ramets of 17 selected clones of A. gracilior over six 
culture periods of six weeks each. Clones 3 and 4 died during the culture 
period. 
The data for the multiplication of the selected clones is shown in Table 6.1. 
Some clones had good growth and multiplication, e.g. clones 6 and 11, while some 
were found to have low multiplication rate, e.g. clones 2 and 8. Some clones, e.g. 5, 
8 and 14, decreased in ramet numbers between subculture numbers 4 and 5. This 
happened due to death of shoot cultures, non-production of axillary buds and 
rejection due to contamination. 
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Data for subculture 6 were analysed for any significant difference between 
clones. The Chi square test indicated that there was a significant difference between 
clones, x2 = 174, compared with the critical value of X (0.05) = 26.3. 16 
Spontaneous rooting was observed in the various subcultures. The level of 
rooting varied widely, e.g. at the end of the fifth subculture 74% of clone 6 was 




Figure 6.1 	Established shoot cultures of A. gracilior (a) shoot tip, (b) decapitated shoot 
(nodal segment) with axillary shoot (bar: 1 cm). 
6.1.3 Discussion 
This is a simple multiplication technique that works for the majority of clones of 
this species. The low multiplication rate might be due to a combination of low growth 
and/or low or no bud initiation. In normal cultures, i.e. those with an apical bud 
present, there was no axillary bud initiation on the extending segments. Under field 
conditions in the shade, internodal height could be about 25 cm, whereas it is about 
10 cm in the direct sunlight. The pattern of stem growth in the field condition reveals 
that there is an apical extension followed by a cessation of growth for some time 
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followed by the formation of whorls of buds from which the apex re-extends. It is 
possible that the shoot cultures did not extend sufficiently for this bud initiation 
process to occur. 
It was interesting to note that buds were initiated on pieces of stem where the 
influence of the apical bud had been removed. This bud initiation was not induced by 
applied plant growth regulators as the medium was hormone free. The anatomy of 
this bud initiation was not investigated but it is possible to speculate on the 
mechanism. It is possible that there are cells in the axils of the leaves that are capable 
of forming a bud but their development is suppressed by the dominance of the apex. 
It is when this dominance is removed that development can occur. It is also likely that 
when the axillary buds have formed, they in turn exert dominance over the rest of the 
stem and prevent axillary bud development below. This is in agreement with the 
observation that axillary buds were initiated in the topmost region of the stem 
segment and not along the whole length. 
It was found that in this experiment, subdivision and subculture of shoot 
cultures resulted in a culture with a dominant apex and a culture with no apical bud 
that subsequently developed an axillary bud or buds. This is, therefore, a method of 
multiplication by which at least two growing points can be obtained from one shoot 
after each subculture. 
This technique of multiplication: 
gives an advantage of using small pieces of tissues compared to 
macropropagation; 
might allow us to reach large numbers of plants in a relatively short period 
of time. 
The technique that has been developed for A. gracilior is very unusual in that 
axillary bud induction occurs after removal of apical dominance without applied plant 
growth regulators. It is far more common in a very wide range of species for bud 
induction to occur only when plant growth regulators are applied. 
It has been reported that axillary bud induction using plant growth regulators 
maintains genetic stability better than bud production by organogensis (McCown and 
McCown, 1987). It is possible to speculate that the technique developed for 
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A. gracilior could maintain genetic stability even better as no applied growth 
regulators are involved. 
It was observed that spontaneous rooting occurred and it varied between 
clones. It is possible that in vitro rooting of this species might be increased by plant 
growth regulator treatment. This will be reported later (Section 6.3). 
There are a number of reasons why this simple multiplication technique might be 
implemented in the developing countries of East and South Africa where A. gracilior 
is an important forest species. At present, factors such as problems with seed supply, 
seed dormancy and viability can lead to restricted amounts of material being available 
for reafforestation. 
6.1.4 Conclusions 
The technique is simple and applicable for the majority of the clones. 
At least one bud is initiated in the stem axil when the influence of apical bud is 
removed. 
Growth regulators are not involved for bud initiation, hence, genetic stability 
can be maintained much better than in species where growth regulators are 
used. 
6.2 Experiment 2: Bud induction and growth with plant growth regulator 
treatment 
6.2.1 Materials and Methods 
The source of explants for this experiment was the selected clones, multiplied 
with the techniques described in Experiment 1 of this chapter. 
Eight clones that demonstrated good growth and multiplication were selected 
from the 17 clones used in Experiment 1. 
Shoot cultures were treated with four different media. 
The four treatments were: 
	
I. 	MS basal medium with no hormone (MS),- 
2. 
;
	MS basal medium containing 2 mg!e BA (BA); 
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MS basal medium containing 0.1 mg!t NAA (NA); 
MS basal medium containing 2 mg/i BA + 0.1 mg/i NAA (BN). 
The hormone containing media were prepared by dissolving the required 
quantity of either BA, NAA or BA + NAA in 1 MZNaOH and adding to the MS basal 
medium (Appendix 6.2). 
Each ramet was divided into two segments, i.e. a top section bearing the apical 
bud and a bottom section with no buds and transferred to the treatment media. 
The number of replications on the four media varied in different clones, i.e. two 
for clones 10 and 15, four for clones 1, 11, 14 and 17 and six for clones 6 and 16. 
Because the amount of replication differed between clones, sums of squares and 
estimated effects for NA, BA, etc have to be adjusted for clones. Finney (1980) 
describes this type of adjustment for unbalanced data. 
The cultures were completely randomised on culture trays and incubated in the 
light at 20 °C. The cultures were assessed for bud initiation and height growth. 
Shoots were transferred to hormone free medium and observations were made. 
6.2.2 Results 
6.2.2.1 	Bud initiation 
Hormone 
Clone MS NA BA BN 
B T B T B T B T 
1 0.00 1.00 0.50 1.00 14.00 8.00 7.50 5.00 
6 1.30 1.00 1.60 1.00 7.30 4.60 12.60 3.00 
10 1.00 1.00 1.00 1.00 8.00 9.00 5.00 7.00 
11 1.50 1.00 1.00 1.00 11.50 4.50 9.50 5.00 
14 0.50 1.00 1.00 1.00 9.00 9.50 12.00 4.50 
15 0.00 1.00 1.00 1.00 8.00 6.00 8.00 4.00 
16 2.00 1.00 2.00 1.00 9.70 7.00 9.70 5.30 
17 1.00 1.00 1.00 1.00 10.00 5.50 7.00 3.50 
1.06 1.00 1.20 1.00 9.75 6.56 9.13 4.50 
Table 6.2 	Mean of axillary buds initiated by the hormones on bottom (B) and top (T) 
segments of each clone after six months. 
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It can be seen from Table 6.2 that treatment with plant regulators, particularly 
BA, improved the number of buds initiated in the axils of leaves of both tip and base 
cuttings. Analysis of variances were calculated for clones, hormones, segment types 
and their interactions to see the effects of these factors (Table 6.3). 
Analysis of variance for number of buds 
Source DF Seq SS Adj SS Adj MS F P 
Clone 7 19.740 19.740 2.820 0.65 0.711 
NA 1 9.031 12.001 12.001 2.77 0.101 
BA 1 1352.000 1157.001 1157.001 267.48 0.000 
Type 1 144.500 89.590 89.590 20.71 0.000 
Clonc*NA 7 29.323 29.323 4.189 0.97 0.462 
Clone*BA 7 26.021 26.021 3.717 0.86 0.543 
Clone*Type 7 31.604 31.604 4.515 1.04 0.410 
NA*BA 1 12.500 16.519 16.519 3.82 0.055 
NA*Type 1 8.000 4.185 4.185 0.97 0.329 
BA*Type 1 124.031 86.519 86.519 20.00 0.000 
Clone*NA*BA 7 30.021 30.021 4.289 0.99 0.446 
Clone*NA*Type 7 37.271 37.271 5.324 1.23 0.299 
Clone*BA*Type 7 26.073 26.073 3.725 0.86 0.542 
NA*BA*Type 1 5.281 2.090 2.090 0.48 0.489 
Clone*NA*BA*Type 7 31.990 31.990 4.570 1.06 0.402 
Error 64 276.833 276.833 4.326  
Total 127 2164.219  
Table 6.3 	Analysis of variance for bud inductions by hormones on bottom and top 
segments compared to the control (MS). Note that BA and NA represent the 
effects of adding BA or NA respectively to a medium, and hence have each 1 
degree of freedom. 
There was no significant difference in the number of axillary buds initiated 
between clones across treatments. The difference between the effect of NAA and BA 
was highly significant (P < 0.001). Bud initiation following treatment with BA was 
highly significant (P < 0.001) whether used alone or in combination with NAA 
(P <0.06). NAA alone had no significant effect on bud initiation. 
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BA promoted the initiation of buds in every leaf axil in the bottom segments. In 
tip segments, buds were not necessarily initiated in every leaf axil. The presence of 
NAA did not affect the mode of action of BA. 
The difference in bud initiation between stem types was highly significant 
(P <0.001). The average difference between tip and base segments in the MS and 
NAA alone treatments was not significant (LSD 1.47). However, the difference 
between tip and base segments when the cultures were treated with BA was highly 
significant (P < 0.001). 
The cultures treated with BA were normal initially but, during treatment, the 
stern tissues became considerably swollen, particularly in the basal region of the stem 
segment (Figure 6.2). In the latter stages of treatment, bud initiation was not 
confined to the leaf axils but occurred also directly on the stem tissue. However, the 
BA appeared to inhibit subsequent growth and development of the initiated buds. 
Figure 6.2 	Lateral development and bud initiation on the bottom segment in BA 
containing medium (bar: 1 cm). 
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6.2.2.2 	Height increment 
The growth of the cultures in the various treatments was measured for the first 
six weeks of the experiment (Figure 6.3). 
In bottom cultures, no growth was observed in NAA and MS treatments until 
measurements were made after two weeks. The extension growth was subsequently 
linear with NAA at a faster rate. No growth was observed in BA and BA/NAA until 
measurements were made after four weeks. The subsequent growth in both 
treatments was very poor. 
All top cultures grew reasonably well. The growth in the NAA and MS 
treatments was more or less linear. The apical extension in the BA/NAA mixture was 
possibly linear but at a slower rate. The extension in the BA treatment was fairly 
good but subsequently slowed down. 
Hormone 
Clone MS NA BA BN 
B T B T B T B T 
0.00 14.00 2.50 16.00 0.00 5.50 0.50 7.50 
6 5.67 13.33 12.00 9.00 2.00 2.67 1.33 18.00 
10 20.00 2.00 21.00 9.00 0.00 3.00 2.00 4.00 
11 1.50 15.00 5.50 10.00 2.00 2.50 0.50 3.50 
14 9.00 4.50 14.00 13.00 0.00 2.00 0.00 1.50 
15 0.00 4.00 4.00 5.00 0.00 4.00 0.00 2.00 
16 9.33 10.00 10.67 12.00 1.00 3.67 0.00 2.67 
17 1.00 9.00 8.50 17.00 0.00 2.50 0.50 3.00 
5.50 10.06 9.63 11.81 0.81 3.19 0.56 6.19 
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Figure 6.3 	Extension of bottom and top cultures on different hormone containing media. 
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Height increments for top and bottom segments in the various treatments (Table 
6.4) were analysed after the explants were in culture for six months (Table 6.5). The 
increment was the difference between the last assessment and the assessment at zero 
time. 
Statistical analysis indicated that the hormones and the type of segments 
(bottom/top) had significant effects on height increment. Height differences between 
clones were not significant in general terms. However, variance analyses for the 
interaction of clone and the segment type (P = 0.01) and for the interaction of clone, 
BA and the segment type (P < 0.05) were both significant. The difference in height 
increment between bottom and top segments was also significant (P = 0.002). 
The presence of hormones in the growth media made significant differences on 
shoot growth. NAA had a significant promotory effect on growth (P <0.03). BA, 
however had a significant inhibitory effect on growth (P <0.001). 
Analysis of variance for height increment 
Source DF Seq SS Adj SS Adj MS F P 
Clone 7 252.42 252.42 36.06 1.50 0.182 
NA 1 148.78 120.24 120.24 5.02 0.029 
BA 1 1378.12 1177.50 1177.50 49.12 0.000 
Type l 435.12 248.57 248.57 10.37 0.002 
Clone*NA 7 95.43 95.43 13.63 0.57 0.779 
Clone*BA 7 193.92 193.92 27.70 1.16 0.341 
Clone*Type 7 491.92 491.92 70.27 2.93 0.010 
NA*BA i 19.53 32.19 32.19 1.34 0.251 
NA*Type 1 1.53 0.43 0.43 0.02 0.894 
BA*Type 1 3.12 10.71 10.71 0.45 0.506 
Clone*NA*BA 7 163.18 163.18 23.31 0.97 0.459 
Clone*NA*Type 7 28.68 28.68 4.10 0.17 0.990 
Clone*BA*Type 7 376.58 376.58 53.80 2.24 0.042 
NA*BA*Type 1 63.28 22.53 22.53 0.94 0.336 
Clone*NA*BA*Type 7 247.93 247.93 35.42 1.48 0.191 
Error 64 1534.33 1534.33 23.97  
Total 127 5433.88  
Table 6.5 	Effect of hormones on height increment on bottom and top segments. 
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It can also be seen from the table that there were no significant interactions 
between the hormones and the clones, and between the hormones and the segment 
types (bottom/top). The interaction of all the major factors (clone, NAA, BA and 
bottom/top) showed no significant difference on height increment. There was no bud 
outgrowth after transfer to hormone free medium. 
6.2.3 Discussion 
The results indicated that promotion of bud initiation by BA was highly 
significant (Tables 6.2 and 6.3). However, NAA did not promote bud initiation. The 
interaction between BA and NAA had no significant effect on bud initiation, 
compared to BA above, indicating that the two hormones had independent action 
even when they were present in the same medium. 
The promotive effect of BA on bud proliferation has been reported for many 
different species. Arello and Pinto (1993) found out that when nodal segments of 45-
day old Kielnieyera coriacea in vitro plants were cultured on MS medium 
supplemented with various combinations of BA and NAA, the highest shoot 
multiplication (6.3 shoots/explant) was achieved with 5.0 mg BA and 0. 1 mg NAA/t. 
Similarly, Dittmar (1991) reported that the culture of axillary buds and nodal 
segments of birch (Betulapendula) on WPM supplemented with 1 mg/t BA and 0.05 
mg/i NAA gave the highest bud induction. In this work with A. gracilior, 2 mg/i 
BA in MS medium promoted bud initiation in virtually every leaf axil. 
In this study, the initiated buds failed to grow further even when they were 
transferred to hormone free medium. There are many reports that initiated buds can 
grow normally when the effect of the hormones is removed by transfer to hormone 
free medium. Buds were induced on a modified MS medium supplemented with BA 
and IBA, from cotyledons of 7-day-old Norway spruce, and then the transfer to 
hormone free medium stimulated bud growth (Krogstrup, 1989). This might indicate 
that BA is inhibitory to bud outgrowth although it has been proved that it was 
stimulatory to bud induction. 
One might argue that the inhibitory effect of BA could depend on the 
concentration of this hormone and/or exposure time of the explants to the hormone. 
M. 
A high concentration or long period of treatment with the hormone might increase the 
inhibitory effect even after the transfer of the initiated buds to hormone free medium. 
According to Salajova (1993), the development of induced buds occurred after 
transfer of explants to hormone-free medium and was affected by such factors as the 
BA concentration and exposure time. Cytokinin is often more effective in bud 
induction if applied in high concentration for a short period of time (pulse) rather than 
in low concentration in the medium for longer periods (Bonga and Aderkas, 1992). 
They further suggested that it is generally advisable to use suboptimal concentration 
of BA for shoot induction. Pérez-Bermüdez and Sommer (1987) in Bonga and 
Aderkas (1992) pointed out that BA concentrations that are optimal for initiation 
often cause poor subsequent shoot development 
Some researchers claim that the addition of activated charcoal could improve 
the initiation and development of shoots. In cotyledonary explants of Pinus 
canariensis, bud development was enhanced by the elimination of phytohormones, a 
reduction of mineral salts and sucrose, and the inclusion of activated charcoal in the 
medium (Martinez-Pulido et al., 1990). 
The data presented here suggests that bud initiation occurs over a wide range of 
clones and that there was no significant difference between clones (Table 6.3). 
A few bottom segments of BA treated cultures swelled particularly in the lower 
region of the stem close to the medium. In these cultures, bud initiation occurred not 
only in the leaf axils but also widely on the stem tissues (Figure 6.2). Eventually, 
these cultures appeared to have shown adventitious bud development rather than 
initiation of axillary buds. This result is in agreement with a report by Fouret ci al. 
(1988) that shoot cultures of Sequoia senipervirens resulted in adventitious bud 
formation on the needles remaining on the stem stumps, and plants derived from these 
adventitious buds were orthotropic, whereas plants obtained by other protocols were 
plagiotropic. 
In A. gracilior BA initiated more buds in bottom segments than in apical 
segments. It is possible that chemical compounds produced by the apical meristem 
might be suppressing the initiation of buds. 
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The effect of BA, NAA and BA*NAA  interactions on shoot height increment 
was analysed (Table 6.4). It was calculated that BA significantly inhibited height 
growth compared to the control. It can also be seen from the same table that NAA 
enhanced height growth significantly compared to the control. The difference 
between segment type in stem elongation in the presence of NAA or BA was not 
significant (Table 6.5). In the interaction of BA and NAA, height growth was 
inhibited significantly by BA, regardless of the presence of NAA. This demonstrates 
that NAA had less promotory effect compared to the inhibitory effect of BA. The 
overall result of the interaction was significantly different to inhibition by BA alone. 
The height growth inhibitory effect of BA and the growth stimulatory effect of 
NAA was independent of clone. Variation between clones as far as growth was 
concerned was not significant (Table 6.4). However, there was a significant 
interaction between clone, BA and type of explant. 
There is some evidence that stem growth can be affected by cytokinins. 
Schwarz el al. (1988) in (Bonga and Aderkas, 1992) indicated that stem elongation in 
adventitious shoots of Pinus strobus was reduced by high concentration of BA in the 
medium during shoot induction, similar to the situation found in A. gracilior. In this 
work, NAA significantly stimulated stem elongation. However, it has been reported 
by other researchers that some auxins inhibited the growth of axillary shoots. 
According to Fouret ci al. (1988) elongation in axillary shoot cultures of 500-year-old 
Sequoia senipervirens was inhibited by auxin and cytokinin, even at low 
concentrations. 
6.2.4 Conclusions and Recommendations 
Bud initiation was successful in this experiment. 
Subsequent development of the initiated buds was inhibited. Bud outgrowth 
was not achieved in spite of transfer of the cultures to hormone free medium. 
This requires further investigation, looking particularly at lower concentrations 
of BA and the effect of pulse treatment. 
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6.3 Experiment 3: Rooting 
6.3.1 Rooting with growth regulators 
	
6.3.1.1 	Materials and Methods 
One hundred and nineteen shoot cultures that were actively growing with green 
stems and well extended green leaves were selected from a population of 17 mixed 
clones. The mixed clones had been maintained on MS hormone free medium for 
about two years and had been subcultured numerous times. Each of the selected 
cultures was a shoot with dominant apex. The cultures were treated for varying times 
on hormone containing medium before transfer to hormone free medium. 
The cultures were randomised into seven groups of 17 explants. The seven 
groups of cultures were randomised into seven treatment periods: 0, 1, 2, 3, 4, 5 and 
6 weeks. The cultures were grown on MS medium containing 5.37 p.M NAA plus 
4.90 jiM IBA, i.e. 1 mg/i of each (Appendix 6.2). The basal end of each culture was 
excised and the explants were transferred to the treatment media under sterile 
conditions. The experiment was rerandomised for incubation to avoid position effect. 
Treated cultures were labelled to identify hormone containing, number of weeks in 
hormone medium and position number. Clonal origin was ignored as a mixture of 
clones were used for the experiment. The cultures were incubated at 81 pmol 
photons m 2 S-1  at 20 °C. 
Each group of cultures were transferred to basal medium after the required 
period of treatment. Assessments were made at weekly intervals for stem elongation, 
callus development and/or rooting for a period of 13 weeks. 
6.3.1.2 	Results 
Two percent of the control cultures was rooted while none of the cultures in 
hormone containing media was rooted and therefore it was impossible to analyse the 
data. 
(a) In general, shoot elongation decreased as the number of weeks the explants 
were exposed to the hormones in the medium increased (Figure 6.4). Analysis of 
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variance showed height increment between treatment weeks was significant (Table 
6.6). 
Analysis of variance for height increment 
Source DF Seq SS Adj SS Adj MS F P 
Week 6 1093.75 1093.75 182.29 14.54 0.000 
Error 112 1404.12 1404.12 12.54  
Total 118 2497.87  
Table 6.6 	Analysis of variance for height increment differences between different 
treatment periods after 13 weeks. 
(b) Callus diameter was analysed based on the number of weeks the explants 
were in culture. 
Analysis of variance for callus diameter 
Source DF Seq SS Adj SS Adj MS F P 
Week 6 403.97 403.97 67.33 20.03 0.000 
Error 112 376.47 376.47 3.36  
Total 118 780.44  
Table 6.7 	Analysis of variance for callus diameter growth differences between different 
treatment periods after 13 weeks. 
Callus development at the base of shoots not treated with the hormone 
containing medium was poor. There was an increase in the diameter of the callus that 
developed at the base of treated shoots with an increased duration of treatment 
(Figure 6.5). Statistical analysis demonstrated that this increase in callus development 
was highly significant (Table 6.7). 
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Treatment duration (weeks) 
Figure 6.4 	The effect of IBA plus NAA, applied for different durations, on shoot growth 
in vitro after 13 weeks (sd 1.21). 
Shoot base callus diameter 
Treatment duration (weeks) 
Figure 6.5 	The effect of IBA plus NAA, applied for different durations, on callus 
diameter growth differences after 13 weeks (sd 0.63). 
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6.3. 1.3 	Discussion 
This experiment was designed to root the shoots in vitro with the auxins IBA 
plus NAA in combination. The literature on rooting of in vitro shoots with these 
growth regulators was surveyed and the concentrations selected were considered to 
be the best option. 
Treated shoots did not root either during the period of 13 weeks treatment or 
after they were transferred to hormone-free medium. Since none of the treated shoots 
rooted, the data for the spontaneously rooted control shoots were not analysed. 
Several other experiments have indicated that there was a spontaneous rooting of this 
species in vitro to about 35-40% whereas in this experiment, spontaneous rooting was 
very low at 2%. 
The reasons for failure of rooting with the concentrations of IBA plus NAA in 
combination used cannot be explored in this experiment. An answer can only be 
obtained by doing further experiments using various hormone concentrations and 
types of media. The literature regarding rooting conditions of other species suggests 
that some species root better with lower concentrations than those used in this 
experiment while others needed more concentrated rooting hormones. 
Treatment duration could also be another possible area of investigation. Some 
species need just a pulse treatment rather than a longer period of exposure to rooting 
hormones. Shoots of Quercus suber have been successfully rooted following dipping 
in concentrated [BA solution (Romano et at., 1992) and also shoots of Wrightia 
tonientosa in 100 mg pre-autoclaved IBA/litre for 15 minutes (Purohit et at., 1994). 
Furthermore, pulse treatment of elongated Pinus halepensis with 1 mM IBA for six 
hours gave 90% rooting (Lambardi et at., 1991). 
There have been reports that changing the type of medium used for rooting has 
a significant effect. Some researchers use WPM supplemented with relatively lower 
concentrations of [BA plus NAA to root some in vitro propagated species. 
According to Bueno et at. (1992) induced buds of Populus alba 'Siberia extremena' 
subcultured in modified MS medium rooted in WPM plus 0.2 mg/litre [BA with 95% 
success. Similarly, Perez-Parron et at. (1994) pointed out that Fraxinus augustfoiia 
rooted on WPM supplemented with 0.98-4.9 mM [BA. 
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It has also been suggested that other components of the medium have a 
significant effect on rooting, e.g. high sucrose concentrations improved rooting of 
Quercus suber cultures (Manzanera and Pardos, 1990). 
Height increment and callus diameter were recorded and eventually analysed at 
the end of the 13 weeks the explants were in culture. Analysis of variance indicated 
that there was a significant difference of height increment between weeks of shoot 
treatment (Table 6.6). It can also be seen from Figure 6.4 that height increment 
decreases with an increase in the number of weeks of treatment. The two hormones 
resulted in forming callus at the base of the explants and also inhibited shoot 
elongation. It could be noted (Section 6.2) that 0.5 iM NAA promoted shoot 
elongation. There could therefore be two reasons for shoot inhibition in this 
experiment. It could be that the concentration of NAA might be too high. A second 
reason might be that IBA itself is inhibitory to extension growth or that the 
combination of the two compounds at relatively high concentrations was inhibitory. 
There was a sharp decrease in height increment between zero and two weeks of 
hormone treatment, but the subsequent decrease was less with increasing duration of 
treatment. 
Callus development has also been analysed. There is a significant difference 
between weeks of treatment in callus diameter (Table 6.7). It can be seen (Figure 6.5) 
that there was a sharp increase in callus diameter between the zero and the one week 
treatment. The rate of increase in callus diameter was less beyond one week of 
treatment. The general trend of callus development was that it increased with an 
increase in the number of weeks of treatment, and that the rate of increase decreased 
at longer periods of treatment. 
6.3. 1.4 	Conclusions and Recommendations 
This species did not root with the selected concentration of the two rooting 
hormones. 
It is probable that a series of experiments needs to be designed to optimise the 
concentrations of the rooting hormones. 
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3. 	The medium used in this experiment was MS. It is possible that other media 
such as WPM or modification of the media contents, such as sucrose 
concentration might improve rooting. 
6.3.2 Rooting with aqueous leachate of seed coat of its own species 
6.3.2.1 	Materials and Methods 
Two hundred grams of A3 seed coat were soaked in 2 litres of distilled water 
for 48 h at 4 °C. The solution was filtered to remove the solid material. This 
concentration was taken to be 100% leachate. A dilute concentration of 25% was 
prepared by taking 250 ml of 100% and mixing with 750 ml distilled water. The 
control contained no leachate. 
Each concentration was stirred with 30 g of sucrose and 4.4 g of MS salt 
(macro and micronutrients, and vitamins as described by Muroshige and Skoog 
(1962)) per litre. The pH of the solution was adjusted to 5.5. The solution was 
heated to boiling and 10 g of agar were added. Twenty ml of the media was 
dispensed into each 15 cm soda-glass test tube. The solution was autoclaved for 20 
minutes at 1210  and the media were subsequently stored at 2 °C before transfer of the 
shoots. 
Fifty-four shoot cultures that were actively growing with green stems and well 
extended green leaves were selected from the population of mixed clones. The mixed 
clones had been maintained on MS hormone-free basal medium for about two years 
and had been subcultured numerous times. Eighteen cultures were inoculated into 
each medium and randomly incubated at 81 .tmol m 2 	at 20 °C. Assessments were 
made for rooting and height increment. 
6.3.2.2 	Results 
It was found that after 65 days of incubation, rooted shoots were present in all 
treatments (Table 6.8). However, whereas 22% of the shoots were rooted in 0% 
leachate medium more than 60% were rooted in the 25% leachate medium. Analysis 
of variance of the arcsine transformed rooting percentages showed that the differences 
in rooting were just significant (Table 6.9). 
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Summary of rooted and non-rooted 
Conc % 	Rooted 	Non-rooted 	Rooting % 
0 4 14 22.2 
25 11 7 61.1 
100 6 12 33.3 
Table 6.8 	Number of rooted and non-rooted shoots in the three concentrations of the 
leachate after 9 weeks. 
(1) Analysis of variance for transformed data of rooting 
Source DF SS MS F P 
Concentration 2 0.08 0.04 3.23 0.048 
Error 51 0.65 0.01  
Total 53 0.73  
Table 6.9 	Analysis of variance on the effect of leachate concentration on rooting. 
(ii) Analysis of variance for shoot elongation 
Source DF SS MS F P 
Concentration 2 75.26 37.63 2.47 0.095 
Error 51 777.72 15.25  
Total 53 852.98  
Table 6.10 	Analysis of variance for height increment (mm) between concentrations of the 
leachate (0, 25 and 100%) after 9 weeks. 
The mean height increment measured for the 0, 25 and 100% leachate 
concentration were 9.39, 8.06 and 6.50 respectively. 	Analysis of the data 
demonstrated that there were no overall significant differences in growth between the 
different treatments (Table 6.10). However, there was a significant difference 
between the 0 and 100% treatments (LSD 2.60). Note that tests on selected 
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comparisons are legitimate provided the selection is based on a priori grounds, and 
not on inspection of the results. 
6.3.2.3 	Discussion 
This experiment was undertaken after an observation of inhibition of this 
leachate on the germination of wheat seed (Chapter 2). They are substances in the 
leachate that make it physiologically active and this experiment was established to 
investigate their effect on shoot elongation and development. 
Analysis of variance indicated that there was no significant differences between 
height increments of the three concentrations used (Table 6.10). However, LSD 
(2.60) between mean height increment of zero and 100% leachate concentrations was 
calculated to be significant. The trend of effect was that shoot growth was inhibited 
with an increase in leachate concentration. One of the supportive experiments proved 
that when this leachate was autoclaved to 40 minutes, it was also found to have 
inhibited germination of wheat showing that it is not heat labile, however, unlike in 
this experiment, it was not boiled before it was autoclaved. The inhibitory compound 
from the seed coat of this species described in Chapter 2 was Nagilactone D, found to 
be allelopathic to germinating wheat seed. The compound(s) which were responsible 
for the inhibition of growth of shoot cultures in concentrated leachates, particularly at 
100% concentration, are not known. 
Those chemicals which appear to have some effect on its own seedlings could 
have some kind of advantage to survival. In field conditions, inhibitors control 
germination of its own seeds until the condition for growth is favourable. The 
inhibitors function predominantly as germination controls which regulate densities 
within the population (intraspecific inhibition) and allow germination only after a 
sufficient amount of rainfall (Friedman et at., 1982). The inhibitors can contribute to 
some ecological implications in that the seeds stay quiescent, enriching the seed bank 
and, as for many other species, serving as a reserve for renewing the population after 
years of shortage of rainfall (Friedman et al., 1982). On the other hand, they pointed 
out that the inhibitors, with their slow efflux, could account for decimation of species 
other than its own and thus reduce interspecific competition. 
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The seed coat could contain such complex structures which might have 
contributed to the evolutionary sequence of the species. The fact that the leachate 
had little inhibition on its own seedlings compared to complete inhibition of wheat 
seed could show that in field conditions, the inhibitory effect of these chemicals could 
only be conditional. 
It is interesting to note that the crude leachate extracted from the seed coat had 
a significant effect on root initiation at the base of the cultures with the concentration 
of 25% promoting rooting to 60%. The effect of leachate on rooting was investigated 
further and reported below (Section 6.3.3). 
	
6.3.2.4 	Conclusions 
The leachate had an inhibitory effect on the germination of wheat seeds and also 
on the extension of A. gracilior shoot cultures. However, there was a promotory 
effect on the rooting of the cultures. 
6.3.3 Rooting with aqueous leachate of seed coat of its own species 
6.3.3.1 	Materials and Methods 
Two hundred grams of the seed coats, a mixture of batches A2 and A3, were 
soaked in two litres of distilled water. The mixture was filtered twice to remove solid 
material and the filtrate was diluted to various concentrations. The original leachate 
was taken as 100% concentration. Lower concentrations were prepared from the 
original concentration as follows: The 100% leachate was diluted with distilled water 
to give concentrations of 10, 20, 30, 40 and 50% with distilled water a control. The 
media were prepared as described previously (Section 6.3.2). 
Ninety eight shoots of the clone mixture were randomly divided into seven 
groups of 14 each. All shoots were trimmed at the base and randomly transferred to 
the seven media using standard in vitro techniques. Each shoot was randomly located 
in the growth room so as to eliminate position effect. Assessments were done on a 




Twenty-nine percent of the shoots used in the experiment were rooted over 62 
days of the culture period (Table 6.11). Shoots in the leachate concentration of 10 
and 100% rooted to 43% each which was relatively the best. The poorest rooted 
cultures were those in the concentrations of 0 and 50% with 14% each. The rooted 
cultures in the 100% concentration showed the highest number of roots per shoot 
with an average of four. The rooted cultures in the 10% concentration developed an 
average of two roots per shoot. The remaining concentrations showed only one root 
per shoot in the rooted cultures. The Chi-square test was used to check whether 
rooting was significant compared with the unrooted cultures. The Chi-square test 
demonstrated that there were no significant differences in rooting between the various 
media used (Chi-square = 14.4, P = 0.28). 
Shoot extension 
There was a general trend to a reduction in the measured height increment with 
an increase in the concentration of the leachate used in the medium (Figure 6.6). 
However, the medium at a concentration of 10% caused a large reduction in growth 
compared to the other dilute concentrations. 
The highest shoot extension was observed in the cultures with the concentration 
of 0% (control), the increment being 5.5 mm over 62 days of the culture period. The 
least increment was seen in the concentration of 100% leachate which was 3.4 mm. 
Regression analysis showed that there was a significant difference between leachate 
concentrations, F = 5.63, P = 0.02 (Table 6.12). 
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Chi-square test for rooting 
% No. Callus No. Root No Change Total No. 
Concentration  
0 
10 2 2 
14 
8.57 4.0 1.43  
10 6 6 2 14 
8.57 4.0 1.43  
20 10 2 2 14 
8.57 4.0 1.43  
30 9 5 0 14 
8.57 4.0 1.43  
40 
9 5 0 
14 
8.57 4.0 1.43  
50 11 2 1 14 
8.57 4.0 1.43  
100 
5 6 3 
14 
8.57 4.0 1.43  
Total 60 28 10 98 
Table 6.11 	Chi-square for rooting of the shoot in leachate media after 9 weeks. Chi- 
square = 14.4, df = 12, P = 0.28; (Table value = 21). The expected values 
for the column are callus = 8.57, root = 4 and no change = 1.43. The 
numbers in the table are the number of shoots that were observed and 
expected to be callused, rooted or shown no change against each leachate 
concentration. 
Regression analysis for height increment 
Source DF SS MS F P 
Regression 1 32.371 32.371 5.63 0.020 
Error 96 552.119 5.751  
Total 97 584.490  
Table 6.12 	Regression analysis for shoot extension between different leachate 
concentrations after 9 weeks in culture. The regression equation is increment 
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Figure 6.6 	Shoot height increment in leachate media after 9 weeks of culture period. 
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(iii) 	Shoot condition 
The condition of the shoots was evaluated subjectively by giving scores as 
follows: 1. Bad - little or no extension with all tissues mostly brown; 2. Poor - little 
extension with tissue mostly yellow; 3. Fair - some extension with mostly green 
tissues but with some yellowing; 4. Good - well extending with green stems and well 
extended green leaves (Table 6.13). 
Score  
Conc % 1 2 3 4 Missing 
0  1 1 11 1 
10  2 3 9 
20  1 3 10  
30  2 2 10  
40  3 11  
50  2 2 10  
100  2 3 7 2 
Table 6.13 	Scoring of shoot condition after 9 weeks in culture. 
Most of the shoots were in good condition. There were no significant 
differences between leachate concentrations on scoring the defined conditions (bad, 
poor, fair or good), P = 0.81. Siegel (1956), Kruskal-Wallis test, describes this type 
of non-parametric analysis. 
Kruskal-Wallis Test 
Conc % No. Observation Mean Score 
0 13 53.9 
10 14 44.4 
20 14 48.4 
30 14 47.4 
40 14 52.4 
50 14 47.4 
100 12 41.0 
Overall 95 48.0 
Table 6.14 	Kruskal-Wallis test applied to shoot condition scores. 
H=1.87 	d.f.=6 P=0.93 
H=2.98 d.f. =6 P=0.81 (adj. forties) 
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6.3. 3.3 	Discussion 
Results indicated that there was no significant difference between leachate 
concentrations on rooting (see Table 6.11) and the effects produced by the leachate 
concentrations on rooting were not in any sort of sequence. The number of roots 
produced by individual shoots was highest in the 100% concentration (data not 
shown). 
There was no significant difference between effects of concentration on shoot 
elongation (see Table 6.12). 	Generally, height increment decreased as the 
concentration of the leachate increased. However, height increment for the leachate 
concentration of 10% did not agree with this generalisation. It could be possible that 
this happened because of experimental error. It seems that there was stronger 
inhibition in this leachate than the leachate in the previous experiment (6.3.2). 
The leachate of this experiment was prepared from aqueous solutions of seed 
coats of two batches. In comparing the two leachate experiments, both leachates had 
less inhibition to its own species compared to complete inhibition to germinating 
wheat seed. However, the leachate of this experiment, which was obtained from two 
seed batches, inhibited relatively more than the single batch seed leachate in the 
previous experiment. This might indicate that some seed coats might contain more 
inhibitory elements than the other depending on the environmental condition of the 
mother tree during seed development. 
6.3.3.4 	Conclusions 
The fact that the interaction of leachate from two seed batches inhibited root 
formation and shoot elongation more than the single leachate from A3 seed 
batch might be that the leachate from A2 could contain more inhibitors or there 
might be a synergistic effect of the two leachate on the explants. 
The second possibility for the difference could be that the explants used in this 
experiment were not physically large enough to produce roots. 
More research is required to investigate clearly leachate effects from a single 
seed lot and the interaction of more leachates on shoots. 
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6.4 Ex vitro rooting 
6.4.1 Introduction 
In this experiment, shoots multiplied under in vitro conditions were rooted ex 
vitro in soil. The main advantages of ex vitro over in vitro rooting are that root 
damage during transfer to soil is less likely, rooting rates are often higher and root 
quality is often better (Bonga and Aderkas, 1992). 
6.4.2 Materials and Methods 
The shoots were rooted in semi-transparent polycarbonate boxes (L = 12 cm, 
W = 9 cm, H = 7 cm). The rooting medium used was a mixture of standard compost 
(peat-grit-loam with microelement and frit) and coarse grit in equal proportions. Frit 
is a commercial preparation of trace elements and chelated iron. The rooting medium 
was moistened before use and the boxes were filled to a depth of 3 cm. Sixteen boxes 
were prepared. 
In vitro growing shoots subcultured numerous times on hormone-free medium, 
approximately 2.5 cm, 2.5 years old were basically trimmed and washed in tap water 
to remove all traces of agar. The shoots were either basically dipped or not dipped in 
commercial rooting powder, Seradix No 2 (May and Baker Ltd) and struck into the 
compost. 
The boxes were closed with a semi-transparent polycarbonate lid that was 
sealed with adhesive PVC tape. The rooting containers were incubated in a growth 
room at 20 °C with a 16 hour day under 'high light' (45.6 imol photons m 2 s-I) or 
'low light' (7.9 pmol photons m 2 s 1). The photon flux densities were measured at 
the same distance from the light source as the lid of the rooting containers. It was not 
possible to measure the photon flux density within the rooting containers. 
There were 6 shoots per box (Figure 6.7) and 4 boxes of hormone treated or 
not hormone treated per light treatment. The shoots were inserted in the various 
treatments at random. The boxes were selected at random for light treatment. The 
bases of the shoots were examined at weekly intervals for signs of rooting. Dead 
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shoots were defined as those which had lost turgor and were brown to black in colour 




Treatment 6 13 21 30 37 48 54 73 82 90 97 
HL 24 24 24 24 23 20 20 19 17 16 16 
HL 24 24 23 19 16 9 9 6 5 4 4 
HL 24 24 24 24 22 20 20 20 20 20 19 
H-L-  24 24 21 18 14 14 14 11 11 9 9 
Table 6.15 	Number of shoots surviving over the incubation period of 97 days. (H+ - 
hormone treated, H- - not honone treated, L - high light, L- - low light). 
All shoots survived at least for 13 days while 50% of the shoots survived for 97 
days (Table 6. 15). Percentage survival for 97 days of the treatments 	HL, 
HL and H-L- were 67, 13, 82 and 38 respectively. A Chi square test (x2 = 28.33, 
P <0.001) showed that there was a highly significant difference between treatments. 
A further Chi square test between high and low light indicated that there was a highly 
significant difference (x2 = 24, P <0.001). Similarly, the difference between H and 
H on shoot survival was significant (x2 = 4.16, P <0.05). 
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Figure 6.7 	Micropropagated shoots of A. gracilior in the ex vitro rooting. The lid has 




Treatment 6 13 21 30 37 48 54 73 82 90 97 
HL 0 1 4 11 12 13 15 16 16 16 16 
HL 0 3 4 4 4 4 5 5 5 5 5 
HL 0 1 5 13 15 15 16 16 16 17 17 
HL 0 0 5 5 5 5 6 6 6 6 7 
Table 6.16 	Number of shoots developing callus over the incubation period of 97 days. 
Shoots were counted as callused for the duration of the experiment even if the 
shoot subsequently died. 
There was no callus development in any culture in the first 6 days (Table 6.16). 
Callus development was observed after 13 days: the percentage occurrence for 
HL, HL and HL were 4, 13, 4 and 0 respectively. Cultures treated with 
H+L+ and  HL+  had sharp increases of callus number between 21 and 30 days. In 
general, all treatments showed an increase in the number of shoots callused between 
13 and 54 days (Figure 6.8). The percentage callus development after 97 days for 
HL, HL and H-L- were 67, 21, 71 and 29 respectively. 
A Chi square test showed that there was a highly significant difference between 
treatments (x2 = 18.87, P < 0.001). A further test was carried out and the difference 
between H and H- was not significant (x2 = 0.39, P > 0.50). However, the 
difference between L and L- was highly significant (2 = 18.45, P < 0.001). The 
interaction between the hormone and the light was not significant (2 = 0.04, 
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Treatment 6 13 21 30 37 48 54 73 82 90 97 
HL 0 0 0 0 0 0 2 3 4 5 6 
HL 0 0 0 0 0 0 1 1 11 1 1 
H-L 0 0 0 0 0 9 9 9 9 9 10 
H-L-  0 0 0 0 0 1 1 1 1 1 1 
Table 6.17 	Number of shoots rooting over the incubation period of 97 days. 
The first rooted shoots were observed after 48 days (Table 6.17). There was a 
linear increase in rooting in H+L+  between 48 and 97 days whereas in HL+  there was 
initially rapid rooting followed by a slow subsequent increase with time (Figure 6.9). 
Rooting was very poor in the other two treatments. The percentage of root formation 
after 97 days for 	HL, HL and H-L- were 25, 4, 42 and 4 respectively. 
A Chi square test showed that there was a significant difference between 
treatments (x2 = 15.59, P < 0.01). There was no significant difference between H 
and H- (x2 = 1.09, P > 0.10). However, the difference between L and L- was 
calculated to be highly significant (x2 = 13.40, P < 0.001). There was no interaction 














Percentage rooting of shoots over 97 days. 
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6.4.3.4 	Shoot growth rate 
Death and removal of shoots from the experiment presented a number of 
problems when attempting to analyse the growth data. It was therefore not possible 
to calculate overall growth rate means. However, it was possible to calculate the rate 
of growth per day for each shoot for as long as it survived. The daily growth rate 
data was analysed by analysis of variance. 
Source DF 	SS MS F P 
Light 1 	0.050949 0.050949 12.79 0.001 
Hormone 1 	0.005824 0.005824 1.46 0.23 
Light*Hormone 1 	0.001428 0.001428 0.36 0.551 
Error 92 	0.366497 0.003984 0.36 0.551 
Table 6.18 	Analysis of variance for daily growth rate 
It can be seen from Table 6.18 that the effect of light on growth was highly 
significant. However, the effect of hormone or the Iight*hormone  interaction was not 
significant. 
The shoots treated with LIHI showed the highest growth rate, although they 
were not significantly different from the shoots treated with LH (Table 6.19). The 
shoots treated with LH grew poorly. There was a significant difference between L+ 
and L while there was no significant difference between H+  and H-. 
H 0.041 0002bc 
H 0033ab .0021cd 
Table 6.19 
	
The mean growth rate (mm per day). Means with different superscripts are 
significantly different from each other. 
172 
6.4.4 Discussion 
The results indicate that light was the major effect on the whole process of 
rooting. 	It is possible that under low level of light, some processes like 
photosynthetic pathways and nitrate-reduction activities were affected. In virtually all 
types of plant growth, light is, of course, of major importance, since it is the source of 
energy, and in rooting leafs,' cuttings, the products of photosynthesis are important for 
root initiation and growth (Hartmann and Kester, 1975). The low level of light used 
in this experiment could have sufficiently affected the process to result in death of a 
large proportion of plants and a large number of shoots were dead by 48 days in the 
low light treatment. 
In the high light, normal development of callus occurred by the time the 
majority of shoots died in the low light. Callusing in the low light was much lower at 
37 days although there were bases that could have developed calluses. It is possible 
that basal swellings and callusing can increase the surface area of the shoot so that 
water absorption and plant access to nutrients were improved. Hence, many of the 
shoots that developed calluses subsequently rooted in the high light while those in the 
low light died possibly because of the poor condition of the plants. 
Rooting hormone treatment had no significant effect on callusing and on 
subsequent rooting. However, the hormone tended to inhibit rooting compared to 
non-treated shoots. 
Shoot extension was also significantly affected by the light level. There was 
normal growth and development of the plants in the high light while those in the low 
light performed poorly. There was no significant effect of rooting hormone on shoot 
extension although treated shoots appeared to grow better than the non-treated 
shoots. 
It is interesting to note that the level of rooting achieved here (40%) is 
comparable to the spontaneous rooting observed in several previous experiments. 
However it is lower than the 60% observed in one of the leachate experiments 
(Section 6.3.2). 	This would seem to indicate that there is the potential for 
improvement in ex vitro rooting and that the conditions used in this experiment were 
far from optimal. 
173 
6.4.5 Conclusions and Recommendations 
Light is an important factor which influences ex vitro rooting in A. gracilior. 
The optimum level of light should be investigated in future research. 
6.5 	Transfer of rooted shoots to soil 
6.5.1 Introduction 
Plant multiplication in vitro is carried out usually in agar media where the 
relative humidity is close to 100%. A large number of plants can be produced as it is 
possible to work with small shoots with the in vitro techniques. However, the 
propagated plants need to be put back into the natural environment for normal growth 
and development. When the required number of in vitro multiplied and rooted plants 
is obtained, they are transferred to soil and weaned for a certain period of time. This 
experiment aimed to transfer in vitro multiplied plants to soil condition through an 
acclirnatisation process. 
6.5.2 Materials and Methods 
The potting compost was prepared by mixing 60% peat, 30% grit, 10% 
sterilised loam, osmocote slow release fertilizer and trace elements (Frit 253A). 
The compost was moistened with just sufficient water so that it would be loose 
enough for good aeration. A plastic pot (13 x  13 x  15 cm) was filled with the 
compost near to the top. 
Twenty-eight rooted shoots grown in vitro in leachate media of the experiment 
(6.3.3) for 72 days were transferred to the soil so that one rooted plant was planted in 
each pot. A rooted shoot was carefully taken out of the test tube by scooping out 
together with part of an agar to avoid root damage. The agar was completely washed 
off from the basal portion of the plant. A hole was made into the soil and the plant 
was inserted into it so that the root was completely covered with the soil. A 
transparent plastic cap (Stewart single pot propagator, diameter 95 mm, height 140 
mm) was inverted on the soil above the plant in such a way that it created a humid 
environment around the shoot. Light was available to the plant and the space inside 
was enough for aeration and growth. The inverted cap was initially completely sealed 
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to avoid moisture shock in the initial stage. The plants were incubated in a growth 
room under a fluorescent light of 97 tmol photons rn-2 s for two weeks at 20 °C. 
They were transferred to a glasshouse where the position of the pot was randomised. 
The pots were arranged in rows of 4 x  7 in the glasshouse at a minimum temperature 
of 16 °C. The soil was watered twice a day. 
The relative humidity around the shoots was reduced after four weeks by 
opening the ventilation holes in the plastic caps. The shoots were exposed to normal 
greenhouse conditions after a further two weeks by completely removing the plastic 
cap. The plants were transferred to the soil and weaned from the middle of August 
1995 to early October 1995. 
6.5.3 Results 
All plants survived weaning. However, there was a subsequent loss of some 
plants in the greenhouse, particularly those along the edge of the table near to the 
glass wall. 
Glass Wall Corner 
X X X X A A A 
A A A A A A A 
A A A A X X A 
A A A A A A A 
Side near to middle 
The survival of rooted plants of the weaning. Dead plants (X) and live plants (A). 
6.5.4 Discussion and Conclusions 
It is interesting to note that these in vitro plants successfully survived after they 
were put back into the natural environment. The weaning method used here was also 
found to be very useful and applicable since survival rate was 100%. However, care 
should always be taken during the weaning process to keep the plants away from any 




Somatic embryogenesis of A. gracilior 
Introduction 
Somatic embryogenesis is a process by which somatic cells develop into 
complete plants through stages characteristic of zygotic embryo development. Tissue 
cultures of various plant species grown on suitable media are capable of forming 
plantlets, which more or less repeat the developmental stages of zygotic embryos 
(Radojevic ci al., 1975). Unlike organogenesis, therefore, somatic embryogenesis can 
regenerate events in zygotic embryogenesis with the production of embryos having 
shoot and root apices or bipolarity (Tautorus ci al., 1991). Somatic embryos arise 
from single superficial cells of the embryonic clumps by a sequence of segmentation 
(Konar ci al., 1972; McWilliam ci al., 1974). 
Somatic embryogenesis was first reported on a carrot plant in 1958 (Steward et 
al., 1958). They described their work as "In the regenerated plants, the axis with 
shoot and root apices is completely established: cells drawn from the phloem of the 
storage carrot root and which have passed through many transfers in which they were 
reduced to the single cellular state, have developed into cell aggregates, which have, 
in turn, differentiated to form roots and, when transplanted, have given rise also to 
shoots and to a secondary thickened storage carrot root'. 
The technique has covered a huge range of species in many genera in the last 
three decades. Since the development of somatic embryogenesis in carrot tissue 
cultures, numerous angiosperm species have been regenerated in vitro by this method 
(Kendurkar ci al., 1995). 
Somatic embryogenesis in woody species has recently been developing with the 
possibility of using the technique at a wider base in plant propagation methods. A key 
element in the application of the technique in somatic embryogenesis to woody 
perennials is the development of systems for the regeneration of plants from 
protoplasts, cells, tissues and organs (Tulecke and McGranahan, 1985). 
Somatic embryogenesis in conifer species has developed in the last ten years. 
Somatic embryogenesis and plantlet regeneration was first reported in 1985 on Picca 
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abies for which zygotic embryos were used as explants (Hakman et al., 1985) and 
since then, a great deal of progress has been made for conifer reforestation (Gupta et 
al., 1993). 
Various methods and culture procedures have been used so as to achieve 
considerable results in somatic embryogenesis. The phytohormones 2,4-D and BA 
have been ubiquitously used at various concentrations to both induce and maintain 
somatic embryos of most species (Tautorus et al., 1991). The manipulation of 
physical, nutritional, and hormonal environment are important in this process. 
The state of explant will to a large extent determine the success or failure of 
somatic embryogenesis. Tautorus et al. (1991) pointed out that a proper explant is 
critical in order to achieve successful induction of somatic embryogenesis. Various 
tissue parts of the same plant can show different responses to the induction of somatic 
embryogenesis. Similarly, the same plant at different stages of development can give 
different results as a response to somatic embryogenesis. Bonga and Aderkas (1992) 
showed that the more juvenile the plant material, the easier it is to induce somatic 
embryogenesis. Somatic embryogenesis in conifers (except in a few cases) has been 
almost exclusively confined to embryonic explants. Several researchers investigated a 
better response of early stage zygotic embryos to the induction of somatic 
embryogenesis. 	Precotyledonary zygotic embryos are best for induction of 
embryogenic tissues in Pinus species (Tautorus et al., 1991) and the optimum 
explants which are responsive to somatic embryogenesis are zygotic embryos at 
precotyledonary stage of development in long leaf pine, Pinus palustris (Nagmani et 
al., 1993). In the early stages of development, embryos and gametophytes could be 
treated together for the induction of somatic embryogenesis. Owens and Molder 
(1984) in Nagmani et al. (1993) reported that all of the long leaf pine embryogenic 
cultures initiated were from female gametophytes with intact zygotic embryos at early 
stages of development. 
Various concentrations of growth substances, notably, 2,4-D and BA have been 
frequently used to induce somatic embryogenesis on MS or some other media. The 
mechanisms by which 2,4-D operates to achieve embryogenesis are not well 
understood. The effects of various concentrations and combinations of growth 
177 
regulators were tested and it was found that a combination of 2,4-D (10-5 M) and BA 
(10-6 M) was best in Picea abies (Hakman et at., 1985). In some cases, 2,4-D might 
be required for a relatively short period of time. The 2,4-D is generally only required 
during the embryogenesis initiation phase, and in most cases the auxin has to be 
withdrawn once the embryos have appeared and in a few cases, 2,4-D and other 
auxins will inhibit somatic embryogenesis (Bonga and Aderkas, 1992). 
Somatic embryos might appear directly from the explants or they are formed 
after a callus stage in the process. When callus is formed, it is not necessarily 
embryogenic, but will serve as the precursor tissue for further differentiation of 
embryogenic callus (Wann, 1989). 
Many reports indicated that embryo maturation has been enhanced in the 
presence of ABA. Bonga and Aderkas (1992) reported that at the highest ABA 
concentration (30-40 mM), Picea glauca somatic embryos matured and germinated 
normally. Slow drying (at 95% RH) was as effective as ABA in obtaining normal 
maturation and germination of somatic embryos of Picea abies (Roberts ci at., 1990). 
Maturation of embryos of Pinus carihaea was achieved on full macronutrient 
concentrations rather than diluted mineral salts and by adding ABA to the medium 
(Lame and David, 1990). Most commonly, initiation, maintenance and maturation of 
conifer somatic embryos is reported on medium supplemented with 30-90 mM 
sucrose (Tautorus et at., 1991). 
Germination and conversion of oak (Quercus robur) somatic embryos into 
plantlets was achieved on WPM containing a reduced concentration of cytokinin and 
in Tilia cordata it was achieved on MS medium containing a low concentration of 
IIBA, and plantlets of both species were successfully established in soil (Chalupa, 
1990). Proliferating embryogenic cultures from conifers consist of immature 
embryos, which undergo synchronous maturation in the presence of ABA and 
elevated osmoticum (Attree and Fowke, 1993). The mechanism by which ABA is 
involved in embryo maturation is probably by preventing cleavage of the embryos 
giving rise to precocious maturation, and the consequent development of individual 
somatic embryos (Boulay ci at., 1988). 
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7.1 Materials and Methods 
Sterilisation of Plant Material 
The seed coats were removed and the gametophyte and embryo sterilised as in 
Appendix 6. 1. In some experiments, the sterilised tissues were soaked overnight in 
sterile distilled water. The seeds used in Experiment 14 were subjected to a 
humidifying pre-treatment. The seed was humidified for 24 hours in a desiccator 
containing water as follows: a wire gauze was fitted inside the desiccator about 5 cm 
above the water level. The seed was placed on the gauze and the desiccator was 
closed tightly so that the high humidity inside the desiccator was maintained. The 
seeds were then sterilised as above without an overnight soak. After sterilisation, the 
gametophyte was split, the embryo was removed and transferred to the incubation 
medium. All media were prepared from the commercially available mixtures (Sigma 
Chemical Company). 
The various experiments performed and the techniques used are summarised in 
Table 7.1. 
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Table 7.1 	Summary of techniques and experimental conditions 
Expt. Media Media Preparation Growth Regulators Seed Pretreatments Temp Light! No. of 
No.  Lot  °C Dark culture 
1 MS MS basal medium containing 3% BA = 20 pM Al Overnight soak 20 Light = 40 
sucrose and 1% agar at pH 5.5 as in KIN = 20 iM and as in 20 
Appendix 6.2 2,4-D = 50 M Appendix 6.1 Dark 
20  
2 MS MS basal medium containing 3% BA = 20 p.M Al Overnight soak 20 Dark 60 
sucrose and l% agar atpH5.Sasin KIN =20p.M and asin 
Appendix 6.2 2,4-D = 50 p.M  Appendix 6.1 
3 MS MS basal medium containing 3% BA = 20 [LM Al As in Appendix 28 Dark 25 
sucrose and 1% agar at pH 5.5 as in KIN = 20 p.M 6.11 but not 
Appendix 6.2 2,4-D = 50 p.M  soaked 
4 MS MS basal medium containing 3% BA = 20 [LM A2 As in Appendix 28 Dark 25 
sucrose and l% agar atpH5.Sasin KIN =20 p.M 6.l but not 
Appendix 6.2 2,4-D = 50 p.M  soaked overnight 
5 MS MS basal medium containing 3% BA =20 p.M BI As in Appendix 28 Dark 25 
sucrose and 1% agar at pH 5.5 as rn KIN = 20 p.M 6.1 but not 
Appendix 6.2 2,4-D = 50 JIM  soaked overnight 
6 MS MS basal medium containing 3% BA = 2.22 p.M A2 As in Appendix 28 Dark 50 
sucrose, 1% agar and 1.46 mg/i 2,4-D = 9.05 p.M 6.1 but not 
filter sterilised glutamine at pH 5.5 soaked overnight 
as in Appendix 7.1  
7 MS MS basal medium containing 3% BA = 2.22 [LM A2 As in Appendix 30 Dark 100 
sucrose, 1% agar and 1.46 mg/i 2,4D = 9.05 p.M 6.11 soaked 
filter sterilised glutamine at pH 5.5 overnight 
as in Appendix 7.1 
We 
Table 7.1 (continued) 
8 MS MS basal medium containing 3% BA = 2.22 tM A2 As in Appendix 30 Dark 120 
sucrose, 1% agar and 1.46 mg/i 2,4-D = 9.05 iM 6.1 but not 
filter sterilised glutamine at pH 5.5 soaked overnight 
as in Appendix 7.1  
9 MS MS basal medium containing 3% BA = 2.22 p.M A2 Overnight soak 30 Dark 80 
sucrose, 1% agar and 1.46 mg/i 2,4-D = 9.05 p.M and as in 
filter sterilised glutamine at pH 5.5 Appendix 6.1 
as in Appendix 7.1  
10 MS MS basal medium containing 3% BA = 20 p.M A2 As in Appendix 30 Dark 50 
sucrose, 1% agar and 1.46 mg/i 2,4-D = 50 p.M 6.1 but not 
filter sterilised glutamine at pH 5.5 soaked overnight 
as in Appendix 7.1  
11 MS MS basal medium containing 3% BA = 20 p.M A2 As in Appendix 30 Dark 42 
sucrose, 1% agar and 1.46mg/i 2,4-D =50 p.M 6.1 but not 
filter sterilised glutamine at pH 5.5 soaked overnight 
as in Appendix 7.1  
12a1 WPMG As in Appendix 7.1 BA = 5 p.M A2 Soaked 30 Dark 20 
2,4-D = 10 p.M  overnight  
12a2 WPMG As in Appendix 7.1 BA = 5 p.M A3 Not soaked 30 Dark 10 
2,4-D = 10 p.M  
12a3 WPMG As in Appendix 7.1 BA = 5 p.M A3 Soaked 30 Dark 30 
2,4-D = 10 p.M  overnight  
12b1 MSG As in Appendix 7.11 BA = 5 p.M A2 Soaked 30 Dark 20 
2,4-D = 10 p.M  overnight  
12b2 MSG As in Appendix 7.1 BA= 5 p.M A3 Not soaked 30 Dark 10 
2,4-D = 10 p.M  
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Table 7.1 (continued) 
12b3 MSG As in Appendix 7.1 BA = 5 jiM A3 Soaked 30 Dark 30 
2,4-D = 10 p.M  overnight  
12c1 MS As in Appendix 7.1 BA = 5 p.M A2 Soaked 30 Dark 20 
2,4-D = 10 p.M  overnight  
12c2 MS As in Appendix 7.1 BA = 5 p.M A3 Not soaked 30 Dark 10 
2,4-D = 10 p.M  
126 MS As in Appendix 7.1 BA = 5 p.M A3 Soaked 30 Dark 30 
2,4-D = 10 p.M  overnight  
12d1 SH As in Appendix 7.1 BA = 5 p.M A2 Soaked 30 Dark 20 
2,4-D = 10 p.M  overnight  
12d2 SH As in Appendix 7.1 BA = 5 p.M A3 Not soaked 30 Dark 10 
2,4-D = 10 p.M  
12d3 SH As in Appendix 7.1 BA = 5 p.M A3 Soaked 30 Dark 30 
2,4-D = 10 p.M  overnight  
12e1 LM As in Appendix 7.1 BA = 5 p.M A2 Soaked 30 Dark 20 
2,4-D = 10 p.M  overnight  
12e2 LM As in Appendix 7.1 BA = 5 p.M A3 Not soaked 30 Dark 10 
2,4-D = 10 p.M  
12e3 LM As in Appendix 7.1 BA = 5 p.M A3 Soaked 30 Dark 30 
2,4-D = 10 p.M  overnight  
13a1 WPMG As in Appendix 7.1 BA = 5 p.M A4 Not soaked 30 Dark 10 
2,4-D = 10 p.M 
13a2 WPMG As in Appendix 7.1 BA = 5 p.M A4 Not soaked 30 Dark 23 
2,4-D=20 p.M  
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Table 7.1 (continued) 
13a3 WPMG As in Appendix 7.1 BA = 5 iM A4 Not soaked 30 Dark 23 
2,4-D =30 !iM  
13a4 WPMG As in Appendix 7.1 BA = 5 jiM A4 Not soaked 30 Dark 23 
2,4-D =40 jiM  
13b1 WPMG As in Appendix 7.1 BA = 5 jiM B2 Not soaked 30 Dark 9 
2,4-D = 10 p.M  
13b2 WPMG As in Appendix 7.1 BA = 5 p.M B2 Not soaked 30 Dark 25 
2,4-D=20 p.M  
13b3 WPMG As in Appendix 7.1 BA = 5 p.M B2 Not soaked 30 Dark 25 
2,4-D = 30 p.M  
13b4 WPMG As in Appendix 7.1 BA = 5 p.M B2 Not soaked 30 Dark 25 
2,4-D =40 p.M  
14a WPMG As in Appendix 7.1 BA = .5 p.M A3 Humidified at 26 Dark 15 
2,4-D = 20 p.M 82% RH for 24 
hours 
14b WPMG As in Appendix 7.1 BA = 5 p.M A3 Humidified at 26 Dark 15 
2,4-D = 30 p.M 82% RH for 24 
hours 
14c WPMG As in Appendix 7.1 BA = 5 p.M A3 Humidified at 26 Dark 15 




The results of the experiments done are summarised in Table 7.2. The detailed 
results of each experiment are presented below. 
Experiment 1 
Twenty embryos were incubated in the light and 20 have been in the dark at 
20 °C. Most of the embryos both in the dark and light conditions were swollen, 
especially in the hypocotyl region. Some embryos appeared to have developed new 
tissues, especially from the suspensor region. The new tissues turned brown in the 
long run without much increase in mass. Two embryos from the light condition lost 
identity but without further growth and development. An embryo was said to have 
lost its identity when growth made the cotyledons, hypocotyl and radicle no longer 
recognisable. None of the cultures was contaminated. The experiment was assessed 
for 23 weeks. There was no development of embryogenic tissues. 
Experiment 2 
Most of the embryos were swollen particularly in the hypocotyl region. It 
appeared that the new cells and tissues developed from the cotyledon, hypocotyl, 
radicle and suspensor areas but no further development occurred. A few cultures 
turned brown-yellow while some others showed browning. None of the cultures lost 
identity and three were contaminated. The cultures were kept for 18 weeks for 
assessment. None of the cultures responded with any kind of callus or embryogenic 
tissue development. 
Experiment 3 
A few embryos were swollen, mainly in the hypocotyl regions. New tissues 
appeared to have developed from the suspensor, hypocotyl and cotyledon regions in 
many of the embryos. The radicles of a few embryos showed new tissues developing. 
None of the embryos lost its identity and one was contaminated. No viable callus 
growth was seen in the culture. The cultures were incubated for 19 weeks for 
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observation. Some embryos turned brown, particularly after week 8. There was no 
embryogenic development. 
Experiment 4 
Many embryos were partly damaged when they were excised. Few cultures 
showed hypocotyl swelling. In some cultures new tissues developed, especially from 
the suspensor, radicles and hypocotyls. Some cultures turned brown and no further 
development took place. None of the changes was due to callus formation. The 
cultures were kept for 19 weeks and none of the embryos lost its identity. There was 
no contamination of the cultures in this experiment. There was no development of 
any kind of embryogenic tissues. 
Experiment S 
Two embryos were contaminated. Very few embryos appeared to show new 
tissue formation. There was some damage on some parts of some embryos which 
occurred during extraction from the gametophyte. Some cultures showed browning 
at the cotyledon tips. Some others were yellowing. In some cultures, swelling 
occurred in the hypocotyl region. There was no development of embryogenic tissues. 
Experiment 6 
The medium used in this experiment differed from those used in the previous 
experiments in that it contained glutamine. Some cultures were swollen and 11 of 
them developed callus. Callus developed from all parts of the embryo except the 
suspensor. The zygotic embryos were swollen and lost identity in three weeks in 
about 50% of those which formed calluses. Most of the calluses subsequently turned 
brown. About 22% of the cultures were callused after six weeks. The cultures were 
subcultured in week 6 but there was little growth and development after subculturing. 
The cultures showed no further development 13 weeks after subculturing and most 






Media/Growth Regulators Response/callus % 
I Al Soaked MS/BA, KIN, 2,4-D 0 
2 Al Soaked MS/BA, KIN, 2,4-D 0 
3 Al No MS/BA, KIN, 2,4-D 0 
4 A2 No MS/BA, KIN, 2,4-D 0 
5 BI No MS/BA, KIN, 2,4-D 0 
6 A2 No MS + Glutamine/BA, 2,4-D 22 
7 A2 No MS + Glutamine/BA, 2,4-D 42 
8 A2 No MS + Glutamine/BA, 2,4-D 41 
9 A2 No MS + Glutamine/BA, 2,4-D 20 
10 A2 No MS + Glutamine/BA, 2,4-D 2 
11 A2 No MS + Glutamine/BA, 2,4-D 10 
12a1 A2 Soaked WPMG/BA, 2,4-D 50 
12a2 A3 No WPMG/BA, 2,4-D 40 
12a3 A3 Soaked WPMG/BA, 2,4-D 87 
12b1 A2 Soaked MSG/BA, 2,4-D 0 
12b2 A3 No MSG/BA, 2,4-D 20 
12b3 A3 Soaked MSG/BA, 2,4-D 23 
12c1 A2 Soaked MS/BA, 2,4-D 5 
12c2 A3 No MS/BA, 2,4-D 10 
120 A3 Soaked MS/BA, 2,4-D 43 
12d1 A2 Soaked SH/BA, 2,4-D 5 
12d2 A3 No SHIBA, 2,4-D 30 
120 A3 Soaked SHIBA, 2,4-D 40 
12e1 A2 Soaked LM/BA, 2,4-D 0 
12e2 A3 No LM/BA, 2,4-D 0 
12e3 A3 Soaked LM/BA, 2,4-D 3 
13a1 A4 No WPMG/BA; 2,4-D = 10 iM 10 
13a2 A4 No WPMG/BA; 2,4-D =20 pM 4 
13a3 A4 No WPMG/BA; 2,4-D =30 tM 26 
13a4 A4 No WPMG/BA; 2,4-D =40 pM 13 
13b1 B2 No WPMG/BA; 2,4-D = 10 jiM 44 
l3b2 B2 No WPMG/BA; 2,4-D =20 jiM 24 
13b3 B2 No WPMG/BA; 2,4-D =30 jiM 24 
13b4 B2 No WPMG/BA; 2,4-D =40 jiM 16 
14a A3 No WPMG/BA; 2,4-D =20 jiM 67 
14b A3 No WPMG/BA; 2,4-D =30 jiM 40 
14c A3 No WPMG/BA; 2,4-D =40 jiM 47 
Table 7.2 	The response of zygotic embryos to plant growth regulator treatment in the 
various experiments performed. 
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Experiment 7 
In this experiment, the seed was soaked overnight in distilled water before 
extraction of the zygotic embryos from the gametophyte. New tissues developed 
from radicle, cotyledon and hypocotyl in most cultures. The overall response was that 
42% of the cultures developed callus. Twenty-seven out of 42 calluses browned. 
Seven cultures developed sugar-like calluses and three cultures showed splitting of the 
epidermis. The remaining callused cultures changed slowly. In the first week, most 
of the changes started in the radicle which bent followed by a yellowing in colour. In 
some cultures the bending started from the hypocotyl. Most of the developing 
cultures lost identity after two weeks and all after three weeks. Some calluses grew 
faster compared to others. Some cultures had elongated cells, but they did not show 
any sign of embryogenic tissues. Only two cultures were contaminated. The explants 
were maintained in culture for 13 weeks. 
Experiment 8 
In the first week, about 20% of the cultures had either hypocotyl swelling or 
callus formation. About 41% of the cultures formed callus by the end of the fourth 
week. Various developmental forms happened after week 3. A few cultures 
developed sugary callus and a few of the cultures had a split epidermis. The majority 
of the calluses grew well and the colour of the cultures was either beige or brown. 
The beige coloured cultures grew faster compared to the brown ones. Some cultures 
developed elongated tissues after week 4. A few cultures continued development 
after week 5 while the majority of them showed no noticeable change and many of 
them turned brown. By the end of week 8, about 9% of the embryos appeared to 
have developed organised growth. The remaining cultures had shown no further 
change. The cultures were assessed at the end of week 12 and about 10% of the 
cultures developed organised structures on the calluses. It was thought that they 
were probably organogenic and were transferred to hormone free medium with 
activated charcoal and incubated at 20 °C in the light. Assessments were done every 
week for growth and development. A few cultures developed differentiating tissues. 
Most of the cultures turned green but the tissues did not develop into shoots as might 
be expected when they were transferred to hormone free medium. The cultures 
showed no further change and some cultures appeared to degenerate after 3 weeks 
after transferring to hormone free medium. The explants were in culture for 15 
weeks. There was no embryogenic development. 
Experiment 9 
About 20% of the cultures developed callus, mainly initiated from the radicle 
region of the zygotic embryo by the end of week 2. All callused zygotic embryos lost 
identity by week 3. A few cultures continued development while some others did not 
show good development of the tissues. After week 6, about 15% of the cultures 
appeared to have formed organised structures on the callus, but there was no clear 
differentiation of the tissues. After week 7, the cultures were transferred from the 
incubation temperature of 30 °C in the dark to a growth room at 20 °C in the light 
without change of the media. Close observation was made for the formation of any 
embryogenic tissues. After the transfer from the dark to the light, some cultures 
appeared to have developed elongated organised structures on the surface of the 
calluses. However, there was no further growth and development into any 
recognisable structure, for up to 10 weeks in culture. 
Experiment 10 
The embryos were extracted from the gametophyte soon after surface 
sterilisation. Two percent of the zygotic embryos at least developed calluses. The 
other zygotic embryos did not show any kind of change and maintained identity when 
they were assessed subsequently every week for 5 weeks. Five cultures were 
contaminated. The cultures were discarded after the end of week 5 as they did not 
show any development. 
Experiment 11 
The seed was sterilised twice (before and after overnight soaking) before 
extraction from the gametophyte. Ten percent of the zygotic embryos formed beige 
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callus after about 3 weeks. The subsequent development was slow and many of the 
calluses had turned brown after 6 weeks. There was no embryogenic development. 
Experiment 12 
This experiment was designed to test the effect of a variety of media on the 
induction of somatic embryogenesis on zygotic embryos extracted from two seed lots, 
A2 and A3. Seed lot A2 was soaked overnight before the zygotic embryo was 
extracted whereas seed lot A3 was subjected to an overnight or no soak. The media 
used were Woody Plant Medium with filter sterilised glutamine, Murashige and 
Skoog Medium with and without filter sterilised glutamine, Schenk and Hilderbrandt 
Medium and Litvay's Medium. All were supplemented with 5 j.iM BA and 10 pM 
2,4-D. Cultures that did not form any embryogenic development after 12 weeks were 
discarded. 
(a) 	Woody Plant Medium and Glutamine with filter sterilised glutarnine (WPM) 
A2 soaked seed - Twenty seeds were used for the experiment. Fifty 
percent of the embryos treated were callused (Table 7.2). The cultures 
did not show good growth and development and turned brown and 
subsequent growth appeared to be inhibited. 
A3 unsoaked seed - Only 10 seeds were used in the experiment. The 
response in terms of callus formation was 40%. However, these cultures 
did not form embryogenic development. 
A3 soaked seed - Thirty seeds were used for this experiment. The 
responses of the zygotic embryos to this medium was that 87% callused. 
Those cultures which showed good growth and development were 
subcultured. Five cultures from this experiment, numbers 5, 9, 14, 20 and 
22 showed good growth and were subcultured three times into the same 
concentration of 2,4-D (10 pM) and BA (5 pM). Subsequently, they 
were subcultured onto 20 pM 2,4-D and 5 pM BA and incubated at 
20 °C in the light. The five cultures that developed well were selected and 
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become clones 1-5 of the subsequent clone bank (Table 7.3). The 
remaining cultures did not develop embryogenic tissues. 
(b) 	Murashige and Skoog and filter sterilised Glutamine (MSG) 
A2 soaked seed - Twenty seeds were used for the experiment. None of 
the zygotic embryos showed any kind of response. 
A3 unsoaked seed - Ten seeds were used for the experiment. The 
response was that 20% of the embryos were callused without further 
development. Many of them subsequently turned yellow and brown. 
They did not form any embryogenic tissues. 
A3 soaked seed - Thirty seeds were used for the experiment and 23% of 
the embryos were callused. A few embryos grew white sugar-like callus 
and browning was common in many cultures. There was no embryogenic 
development. 
(c) 	Murashige and Skoog (MS) 
A2 soaked seed - Twenty embryos were used in this experiment and 5% 
of the embryos formed callus. There was no further development of the 
cultures. All calluses turned brown and no noticeable change was 
observed during the incubation period. 
A3 unsoaked seed - Ten seeds were used for this experiment and the 
response was that only 10% formed a callus. The embryo which was 
callused in this experiment turned brown without further development and 
differentiation. 
A3 soaked seed - Thirty seeds were used for the experiment. Forty-three 
percent of the zygotic embryos callused. Growth and differentiation was 
very poor and browning of the callus was common. A few embryos 
showed epidermal splitting. Most calluses appeared to degenerate after 
week 8. There was no embryogenic development. 
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(d) 	Schenk and Hilderbrandt (SH) 
L 	A2 soaked seed - Twenty embryos were tested for embryogenesis. The 
result was that only 5% of the embryos developed callus but the callus did 
not develop further. The callus turned brown gradually, subsequent 
growth was reduced and there was no development of embryogenic 
tissues. 
A3 unsoaked seed - Ten embryos were used in this experiment and three 
formed calluses. One of the cultures turned brown and not much further 
development was observed. The second embryo turned light green in the 
cotyledon region and epidermal split at the radicle end. The third embryo 
did not show any further development. There was no development. 
A3 soaked seed - Thirty seeds were used and 40% of the embryos showed 
at least callus formation. Many of the zygotic embryos produced brown 
callus but no further development was observed. A few cultures 
developed light-green tissues after week 5. Two cultures showed splitting 
of the epidermis. One of the cultures developed brown friable callus. 
Most of the cultures turned dark brown after week 6 and no visible 
change was observed. There was no embryogenic development. 
(e) 	Litvay Medium (LM) 
A2 soaked seed - Twenty seeds were used for the experiment. None of 
the cultures showed any sort of response to the medium. 
A3 unsoaked seed - Ten zygotic embryos were tested and none of the 
cultures showed any response. 
A3 soaked seed - Thirty zygotic embryos were tested and one formed 
callus by week 4. The callus turned dark brown and there was no further 
development. 
Experiment 13 
This experiment was designed to test the effect of varying concentrations of 
2,4-D and 5 pM BA in WPM with filter sterilised glutamine on seed lots A4 and B2. 
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The seed was not previously stored. Cultures that did not show any embryogenic 
development were discarded after 12 weeks. Zygotic embryos that showed good 
development were subsequently subcultured onto WPMG containing 20 pM 2,4-D 
and 5 pM BA and incubated in the light at 20 °C. 
al) 	A4 seed on 2,4-D (10 p/vt) 
Ten zygotic embryos were treated and 1 callused. The culture that was callused 
turned brown. The remaining embryos showed no visible change. There was 
no embryogenic development. 
A4 seed on 2,4-D (20p/vI) 
Twenty-three zygotic embryos were treated but only one produced callus. 
There was no further growth and differentiation of the culture and it turned 
brown. There was no development of embryogenic tissues. 
A4 seed on 2,4-D (30 pAl) 
Twenty-three zygotic embryos were treated and 26% formed callus. Most of 
the calluses developed from the radicle-hypocotyl region and browning was 
common, usually after week 6. The cultures did not develop further to form 
embryogenic tissues. 
A4 seed on 2,4-D (40 pM) 
Out of the 23 embryos inoculated onto the medium, 13% showed some sort of 
callus formation. Some calluses showed epidermal splitting in the region of 
radicle-hypocotyl areas. Only one culture developed some green structures. 
The cultures did not develop further to form embryogenic tissues. 
bi) 	B2 seed on 2,4-D (10 pM) 
The number of seeds used in this experiment was 9. The response was that 
44% of the cultures callused. These cultures grew quickly and lost identity by 
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week 6. The rates of development of these cultures were different. One culture 
developed greening cotyledons and shoot-like structures. 	The second 
developed brown callus and increased in size. The third developed grey-green 
callus and grew fastest of all. The fourth developed light-brown callus. These 
cultures were added to the clone bank (Table 7.3). 
B2 seed on 2,4-D (20 jiM) 
Twenty-five zygotic embryos were treated and produced some kind of callus. 
Some cultures grew relatively well, but none of these cultures produced any 
organised structure. There was no embryogenic development. 
B2 seed on 2,4-D (30 pM) 
Twenty-five zygotic embryos were treated and 24% produced callus. There 
was no subsequent growth of the callus and browning developed. Some 
cultures had just a swollen hypocotyl for up to six weeks and showed very little 
change. There was no embryogenic development. 
B2 seed on 2,4-D (40 pM) 
Twenty-five zygotic embryos were treated and 16% formed callus. Yellowing 
occurred at an early stage of development, while browning developed after a 
few weeks. There was no embryogenic development. 
Experiment 14 
The experiment was designed to test the effect of varying concentration of 2,4-
D and 5 jiM BA in WPM with filter sterilised glutamine on seed lot A3. The seed 
was taken from the storage at 10 °C after six and a half months. The seed was 
humidified prior to extraction of the embryo from the gametophyte. The cultures 
were incubated at 20 °C in the light. Those cultures which showed good growth and 
development were subcultured onto 20 jiM 2,4-D plus 5 jiM BA. These cultures 
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were added to the clone bank (Table 7.3). The cultures which did not show any 
development were discarded after 8 weeks. 
2,4-D(20LiJvI) 
Out of 15 zygotic embryos treated, 87% of them formed calluses. Ten cultures 
showed further growth and development. The remaining cultures turned brown 
and subsequently stopped growth. Others did not show any change at all. 
2,4-D(30pi'vI) 
Fifteen zygotic embryos were treated and 40% formed calluses and developed 
relatively well. The remaining cultures showed no change. 
2,4-D(40pIvI) 
Fifteen zygotic embryos were treated and 47% formed calluses. Some of the 
growing seven cultures showed beige colour while others showed beige-brown 
colour. The remaining eight cultures did not show any change. 
The cultures which showed good growth from Experiments 12, 13 and 14 were 
subcultured several times. Some of these cultures developed embryo-like structures. 
Clone 8 (Table 7.3) proliferated somatic embryos from the callus. These embryos 
developed cotyledon and hypocotyl parts but no visible roots. Some cultures of this 
clone were subcultured onto hormone free medium and incubated at 20 °C both in the 
light and dark. Those in the dark did not show any development and gradually 
degenerated. The ones in the light tended to show shoot growth and development, 
one of which developed an elongated shoot. Figure 7.1 shows the somatic embryos at 
different stages of development. The zygotic embryo is slender with a splitting 
cotyledon and a tapering end of the radicle (Figure 7. la). However, the somatic 
embryo tapers at the cotyledon end (Figure 7.Id) and this is possibly due to an 
incorrect auxin/cytokinin ratio or a high concentration of 2,4-D (L.H. Mo, Swedish 
Univ. Agric. Sci., Dept of Forest Genetics, pers. comm., 1995). 
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Alf 
Figure 7.1 	(a) Zygotic embryo (bar: 1 mm), (b) Proembryos (bar: 5 mm), (c) Green 
cotyledons (bar: 3mm), (d) Somatic embryos (bar: 5 mm). The cultures in a, 
b and c were incubated in WPMG containing 2,4-D and BA, whereas the 
somatic embryo in d was on MS medium without growth substances. 
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Clone Table 
Clone Culture Experiment Seed Lot 2,4-D Conc. Medium 
No. No. No.  tM  
1 5 12 A3 
2 9 12 A3 
3 14 12 A3 10 WPMG 
4 20 12 A3 
5 22 12 A3  
6 2 13 B2 
7 3 13 B2 
10 WPMG 
8 7 13 B2 
9 9 13 B2  
10 4 14 A3 
11 5 14 A3 
12 7 14 A3 
13 8 14 A3 
14 9 14 A3 
20 WPMG 
15 10 14 A3 
16 11 14 A3 
17 13 14 A3 
18 14 14 A3 
19 15 14 A3  
20 2 14 A3 
21 4 14 A3 
22 7 14 A3 
30 WPMG 
23 9 14 A3 
24 10 14 A3 
25 13 14 A3  
26 1 14 A3 
27 4 14 A3 
28 5 14 A3 
29 6 14 A3 40 WPMG 
30 7 14 A3 
31 12 14 A3 
32 13 14 A3  
Table 7.3 	Subcultured clones and their origin in experiment on embryogenesis. 
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7.3 Discussion 
The zygotic embryos treated from three seed lots in Experiments 1 to 5 showed 
little response (Table 7.2). There was no loss of identity of the explants cultured for 
18-23 weeks. In some cases hypocotyl swelling was observed without further 
expansion in size. New tissues appeared to have developed in the suspensor area 
which in some cases turned brown. 
Experiments 6 to 11 were done on seed lot A2, which was shown to be viable 
using germination tests. The first 5 experiments were repeated in the next series of 
experiments (6 to 11) but this time with the addition of filter sterilised glutamine. It 
can be seen (Table 7.2) that from 2 to 42% of the zygotic embryos developed callus. 
It is probable that the response could be attributed to the inclusion of glutamine into 
the media in the second group of experiments. It has been demonstrated that most of 
the embryogenic cultures of loblolly pine (Pinus taeda) were established on the MS 
medium supplemented with BA and 2,4-D in the presence of filter sterilised glutamine 
(Becwar et aL, 1990). 
Although they formed callus, Experiments 6 to 11 did not develop embryogenic 
calluses. Most of the calluses developed after swelling of the whole zygotic embryo, 
generally from the hypocotyl region. The colour of the embryo started to turn light 
yellow before the loss of identity. Most of the cultures subsequently turned brown 
and stopped any further expansion. 
The hypocotyl regions of the zygotic embryos showed a lot of changes and in 
some cases seem to have undergone epidermal split. This might be a sign for early 
embryo formation although it was not clear from the culture. Epidermal splitting is 
the first sign of proembryo formation followed by the appearance of procambial 
bundles and the laticiferous systems, differentiation of cortical tissue, and the 
formation of cotyledons in Hevea brasiliensis (Michaux-Ferriere et aL, 1992). 
The results of Experiment 8 confirm the above idea in that 9% of the cultures 
produced cotyledons (organogenic structures). These cultures could not grow further 
although they were transferred to hormone free medium in the presence of activated 
charcoal. It appears that the cultures had a maturation problem and did not respond 
well when they were transferred to hormone free medium. In this group of 
experiments there was no clear indication for the formation of somatic embryos other 
than calluses and some green cotyledon-like structures. 
There are several factors or combinations of them which could influence 
embryogenesis. Experiments 12, 13 and 14, for example, were considered with 
several factors, such as seed lot, media type, pre-soaking of seeds prior to embryo 
extraction and incubation temperature. Various levels of the growth regulator, 2,4-D 
were also considered. In this group of experiments, in which several combinations of 
media and hormone levels were used, there was some success in the initiation of 
somatic embryogenesis. However, subsequent maturation was a problem. 
Seed lots with a high germination percentage have been shown to have the 
highest induction frequency of somatic embryogenesis (Tremblay, 1990; Ekberg et al., 
1993). However, the results obtained from the seed batches A2 and A3 did not 
conform to the above reports. The seed batch A3 was tested and had a low 
germination rate, but showed the highest response to embryogenic induction 
compared to A2 which was tested for a high germination rate. Embryogenic 
induction is at the cellular level and it could be possible that the seed batches with low 
germination percentage showed a higher response to treatment. 	Somatic 
embryogenesis is an induced regeneration from in vitro tissue culture, occurring either 
indirectly from callus, suspension, or protoplast culture, or directly from cells of an 
organised structure such as stem segment or zygotic embryo (Williams and 
Maheswaran, 1986). 
Parental trees could make a difference between two seed batches as it could be 
possible that most seed was collected from a very limited number of trees. It has been 
reported that when the standard method for the production of plants via somatic 
embryogenesis is used, differences in the response of parent trees will contribute more 
or less to the yield of somatic plants (Ekberg et al., 1993). 
The explant type is another important factor which could determine the 
induction frequency in conifers. Many researchers report that the success for 
embryogenic induction with regard to explant depends on physiological states of the 
explant. Mo and von Arnold (1991) reported that one of the major limitations is that, 
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so far, embryogenic cultures of conifers can only be obtained from juvenile donor 
tissue. The most successful initiation of embryogenic callus was with immature 
zygotic embryos (von Arnold and Hakman, 1988; Finer et al., 1989; Verhagen and 
Wann, 1989). If the earliest ontogenic stage of zygotic embryos gives the highest 
induction frequency, it is logical to consider the female gametophyte itself as an 
explant. The highest percentage of initiation of embryogenic callus was obtained from 
the cones with the mature (but still young) gametophytes that contained mostly 
precotyledonary zygotic embryos (Finer et al., 1989). According to Becwar ci al. 
(1990), the megagametophyte may supply the plant growth regulators necessary for 
initiation of the zygotic embryos. It is impossible to say in the seed batches used in 
this series of experiments what was the actual developmental stage of the zygotic 
embryo. The complete formation of the fruit of A. gracilior can take up to one year 
and it is uncertain in the seed batches used at what stage in this process the fruit was 
picked. Future work would focus on zygotic embryos from various stages of 
development for initiation of somatic embryos. 
Pre-soaking of the seed lot A3 on WPMG and MS media (Table 7.2, 
Experiment 12) resulted in a significant increase in response compared with the 
unsoaked A3 seeds on the same media. It has been found that imbibition of seeds 
appears to play an important role in the induction of enibryogenesis using mature 
embryos. Full imbibition of the seeds in liquid culture medium inhibited induction 
compared with imbibition in water (Tremblay, 1990). 
Afrocarpus gracilior differs in response in the formation of calluses or 
embryogenic callus cultures to different media. In the investigation of suitable media, 
five of them were tested of which WPMG was proved to be the best (Table 7.2, 
Experiment 12). 	In the experiment with the combination of seed lot, 
soaked/unsoaked and media type supplemented with 2,4-D, it was found that seed lot 
A3 soaked overnight and established on WPMG with 5 .tM BA plus 10 jiM 2,4-D 
showed the highest callus induction rate of 87% (Table 7.2). It has been found that 
differences in media can affect the embryogenic potential of callus from Hevea 
brasiliensis (Montoro ci al., 1993). They reported that a friable callus indicated a 
high embryogenic potential which could be improved by modifying the culture 
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conditions i.e. when auxin or cytokinin concentrations were reduced and when high 
sucrose or calcium concentrations were maintained throughout the various 
subcultures. 
Plant growth regulators play an important role in initiating callus and 
subsequently triggering somatic embryogenesis. Somatic embryos can sometimes be 
formed without going through the callus stages in certain conditions, depending on 
the species (Wann, 1989). The growth regulators mainly used in the initiation of 
somatic embryogenesis are BA and 2,4-D. It was found in the experiments on A. 
gracilior that the optimum 2,4-D concentration for callus formation varied with seed 
lot. 30 p.M 2,4-D was the best with seed lot A4 whereas 10 pM 2,4-D with lot B2 
and 20 pM 2,4-D with lot A3 were the best in those cases. It was decided to 
standardise the concentrations used for all subsequent subcultures and 20 pM 2,4-D 
was chosen. It is probable that the optimum auxinlcytokinin ratio was not found for 
A. gracilior in that only one embryogenic cell line was finally formed. Some reports 
indicate that when the optimum ratio of auxinlcytokinin is not achieved, it results in 
poor activity of the cultures. Changing the auxinlcytokinin optimum ratio for Hevea 
brasiliensis resulted in a loss of embryogenic growth and the formation of 
parenchymatous cells containing oxidised polyphenols (Montoro et al., 1993). 
Similarly, callus browning in leaf explants of Coffea arabica was attributed to the 
presence of quinones, a product of the oxidation of phenols (Söndahl and Sharp, 
1977). The concentrations of 2,4-D used in the experiments with A. gracilior were 
relatively high whereas some researchers have used very low concentrations of 2,4-D 
for initiation of somatic embryos. The highest somatic embryo production from 
explants and calluses of Juglans nigra was on media containing concentration of 2,4-
D as low as 0.1 or 1.0 p.M (Neuman etaL, 1993). 
Embryogenic cultures selected from Experiments 12, 13 and 14 were 
subcultured with subdivision several times. Clone 8 grew much faster than the other 
clones and was soon established as an embryogenic cell line. It was found that the 
other clones degenerated on subculture and were soon lost. All subsequent studies on 
maturation and germination of the somatic embryos were made on cultures of clone 8. 
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Embryo maturation can occur without ABA treatment but it is dramatically 
improved with treatment (Gupta and Grob, 1995). The embryogenic cell line that was 
formed in A. gracilior was not subjected to ABA treatment in attempts to improve 
maturation. Somatic embryos were transferred to hormone-free medium. 
Embryo maturation was a major problem in A. gracilior. Proembryos were 
formed in many cultures on hormone containing WPMG. The transfer of these 
developing embryos to hormone-free medium did not result in good maturation or 
germination. Plant regeneration from embryogenic cultures of conifers is still a 
problem and the least efficient step to plant regeneration is the maturation process 
(Mo and von Arnold, 1991). The problem of maturation can be solved to some 
extent by treating with ABA at various stages of somatic embryo development. 
Efficient development of somatic embryos of Norway spruce and loblolly pine to 
subsequent stages required the transfer of embryogenic tissue to medium with ABA 
(von Arnold and Hakman, 1988; Becwar et al., 1990). It could be possible to 
improve the maturation process of A. gracilior with ABA. It is also possible that 
there might be other forms of treatment that might improve maturation in A. gracilior. 
Some researchers recommend ABA in combination with osmotica in their somatic 
embryo maturation protocol. The combination of ABA and a non-plasmolysing 
osmoticum (Polyethylene glycol-4000) was an effective treatment for maturation of 
Piceaglauca somatic embryos (Misra etal., 1993). 
The mature somatic embryos of A. gracilior that developed on both hormone 
containing WPMG and hormone-free medium had green cotyledons similar to those 
of zygotic embryos with a short hypocotyl region and a poorly developed root region. 
When these embryos were subcultured onto hormone free media and incubated both 
in the light and dark, those in the light maintained green colour and showed poor 
growth while those in the dark turned brown and gradually degenerated. It is 
probable that they had not reached the stage of maturation required for subsequent 
germination and development. It is also possible that the transferred embryos had not 
accumulated sufficient stored reserves. Recent studies indicate that somatic embryo 
development may be related to the ABA-induced accumulation of relatively large 
amounts of storage lipids (Becwar etal., 1990). 
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The incubation temperature and light are factors which could influence initiation 
and maturation of somatic embryogenesis. Higher temperatures close to 30 °C in the 
dark incubator did not initiate somatic embryos and most of the calluses turned 
brown. Similarly, 20 °C in the dark did not initiate somatic embryos. On the other 
hand, incubation at 20 °C in the light initiated somatic embryos at least in a few cases. 
It was not possible to further test other combinations of light and temperature. 
Although the optimum temperature was not investigated it appears that it could be 
some degrees above 20 °C. A 25-26 °C temperature has generally been used in most 
work done on conifer somatic embryogenesis (Tremblay, 1990). 
As only one cell-line of induced somatic embryos was obtained, the overall 
result was not satisfactory. However, the fact that there was the development of 
proembryos in the one cell line is encouraging. Subsequent research might realise the 
high potential for somatic embryogenesis in this species. 
7.4 Conclusions and Recommendations 
Explants at various developmental stages were not tested in this work and there 
was no information at what stage of development the seed was during 
collection. If the seeds already tested are assumed to be mature, future research 
should be designed for embryogenesis studies with immature explants of this 
species. 
The optimum concentration of 2,4-D required for the induction of somatic 
embryogenesis in this species is inconclusive from the data obtained in the 
experiments reported here. It is possible that this species requires a very low 
concentration of 2,4-D for successful initiation of embryogenic tissue. It is 
equally possible that it might require a very high concentration of 2,4-D. Future 
research should investigate this further. 
The incubation temperatures of 20 and 30 °C used in this experiment appear to 
be too low and too high respectively. It is possible that the optimum 
temperature could be between 22 and 26 °C. This should be investigated in 
future research programmes in this line. 
203 
Embryo maturation was a problem encountered in this work. Various 
maturation techniques (e.g. application of ABA) should be used in future 
studies. 
WPMG was found to be the best medium for the induction of somatic 
embryogenesis of this species compared with other media tested. However, it is 
possible that the concentration of the medium was not right and hence, the 
effect of half-strength and full-strength WPMG should be investigated in future 
work. 
In future research, other media should be investigated. 
"4 
CHAPTER 8 
Conclusions and Recommendations for Future Research and 
Development 
The first section of this chapter (8.1) is a list of the main conclusions to be 
drawn from the experimental chapters. The second section (8.2) is an attempt to 
apply the new knowledge towards the formulation of a reforestation strategy. 
8.1 	Conclusions of the experimental chapters 
The following is an attempt to present conclusions in the style of an Executive 
Summary, highlighting only the most important findings and commenting on the 
underlying mechanisms involved in the processes involved during seed viability tests 
and propagation. 
Chapter 2 
The purpose of this chapter is to investigate the main cause of low germinability 
in the three species. 
Afrocarpus gracilior 
Dormancy was apparently the main cause of low germinability, being caused by 
the hard seed coat which prevents imbibition of water. 
An inhibitor was isolated from the seed coat of this species that was shown to 
inhibit germination of wheat seed and to retard the growth of seedlings of A. 
gracilior. 
For storage, the seeds need to be dried down to a moisture content of 6 to 11%. 
Following storage under these conditions, a germination percentage of 50-80% 
may be expected. 
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The recommended germination conditions are: germinate naked seeds at 1 cm 
depth in moist sand at 25-30 °C, and maintain cultures with good ventilation. 
Under these conditions germination takes from 11 to 25 days. 
In this species, it appears that germinability is determined by a factor or factors 
related to the seed coat. In ordinary operating conditions, with the seed coat 
intact as prevails in present Ethiopian methods, germination is often less than 
30% unless it is carried out under controlled laboratory conditions. 
Two additional criteria should be observed, although they have not been 
investigated experimentally, viz: (a) care must be taken to ensure that the 
collected seeds are not immature; (b) after collection, careful handling is 
necessary, avoiding excessive heat or soaking at this stage. 
Eke berg/a capensis 
Low germinability was apparently caused by microbial attack of the seed during 
storage. One possible mechanism is that the seed coat seems to be a poor 
protective cover, with cracks often in the fusion line. It appears that the seeds 
release exudates such as sugars and amino acids from the embryo to the surface 
of the seed coat through these cracks causing the proliferation of fungi. 
The seeds need to be dried to the lowest possible moisture content without 
desiccation damage in order to control microbial activity. The storage 
temperature should be further investigated in combination with various moisture 
contents. The current recommended storage conditions are at 4 °C with a 
moisture content of2l%. 
The recommended germination conditions are that the intact seeds should be 
buried at a depth of 1 cm in moist sand at 20-25 °C with good aeration. 
As noted for A. gracilior above, careful handling of the seed is necessary 
between collection and storage. 
Pygeum africanuni 
(i) Low germinability appears to be caused by both seed coat and embryo 
dormancy. Germination is improved by nicking the seed coat. The embryos 
'I, 
seem to be immature during the normal collection period and it is possible to 
speculate that they might have a high level of ABA which could cause inhibition 
of germination. 
The optimal storage conditions have not been investigated. However at a 
storage moisture content of 20%, viability was retained well at 4 °C. 
The recommended germination conditions are: nicked seeds are buried 1 cm 
deep in moist sand at 20-25 °C, with good aeration. 
Between collection and storage, careful handling of the seed is necessary. 
Evaluation of methodology used in Chapter 2 
Removal or nicking of seed coats of A. gracilior or P. africanuni respectively, 
are simple techniques which can significantly improve germination. They do however 
require an input from a trained workforce. Similarly, full control over seed collection 
and handling is likely to improve germination percentages and this too requires 
technical skill and infrastructural support. 
Widespread sampling from a number of individual trees, of a range of 
provenances and in different years would have been useful as there may be interannual 
variability. 'Good' and 'bad' seed years have been reported for other species and seem 
to depend partly on year-to-year variation in the weather. 
Even stricter standardisation of germination conditions would have facilitated 
interpretation of results. 	In Ethiopia, it might be difficult to standardise the 
environment for germination and common practice there is likely to vary enormously. 
For example, seed drying is done in the open by exposure to sun. This inevitably 
subjects the seeds to an unknown warming treatment and brings them to a moisture 
content which may vary between seed lots. It would have been helpful to carry out a 
survey of such field variation, and it is clearly desirable to standardise future practice 
more carefully. Similar comments can be made about seed collection. 
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Chapter 3 
The main objectives of this chapter were to estimate the viability of A. gracilior 
seeds by the tetrazolium chloride test and to investigate the optimum storage 
condition of those seeds. 
The test gave higher values of viability than the corresponding germination 
percentages as, indeed, is expected because dormant seeds will still respond 
positively to the test. 
The tetrazolium and germination test results were nevertheless strongly and 
positively correlated. 
Tetrazolium testing is also useful for establishing storage longevity. In this 
work the tetrazolium test indicated that the optimum storage condition is 
between a moisture content of 6-8% and the temperature of 4-10 °C. 
Chapter 4 
The main aims of this chapter were to investigate the optimum storage 
conditions for A. gracilior (A2) seeds by the germination test and to explore various 
combinations of moisture content and temperature in order to prolong viability. 
The optimum storage condition was identified to be 4 °C irrespective of 
moisture content (6, 8, 11 and 15%). 
Germination was 76% when the experiment initially started. The highest 
germination percentage after storage for one year was 49% following the 
storage condition of 6% moisture content and 10 °C. 
The recommended germination conditions suggested from the results of this 
chapter and Chapter 5 are the same with that mentioned in Chapter 2 for this 
species. 
Chapter 5 
The purpose of this chapter was to repeat the work of Chapter 4 with a new 
seed lot (A3). The trend of declining viability was also studied. 
The optimum storage moisture content was between 6-8%, and the optimum 
temperature was between 4-21 °C. A moisture content of 6% appeared to be 
slightly damaging particularly when storage was below 4 °C. Under the 
optimum condition, a germination percentage of 25-62% may be expected after 
a storage period of one year. 
The results of the three experiments (in Chapters 3, 4 and 5) are comparable to 
seed storage behaviour in other tropical species such as Coffea arab/ca, Ellis et 
al. (1990) and Car/ca papaya, Ellis et at. (1991b). A. grad/br shares common 
characteristics with these species in that they are neither 'orthodox' nor 
'recalcitrant' but intermediate. 
Evaluation of methodology used in Chapters 3, 4 and 5 
The research carried out here has enabled the author to gain a basic knowledge 
of the tetrazolium chloride test and distinguish between viable and non-viable seed. 
As the author's experience and knowledge of the test increase, it should be possible to 
distinguish between poor viability due to ageing or damage by a variety of other 
factors. 
The tetrazolium test is sufficiently easy and fast to be useful in Ethiopia, given a 
minimal training programme for laboratory staff. 
The experiment in Chapter 4 was done on A2 seed after it had been stored for 
10 months at below 10 °C. It would have been preferable if fresh seeds were available 
since storage prior to receiving them might have changed their characteristics. 
In Chapter 4, inconsistency in germination methodology between each 
withdrawal affected the trend of viability (Figure 4. 1). Seed viability would have been 
estimated with increased precision if even a rough protocol had been available prior to 
the experiment. Preliminary supporting experiments were not possible as seed supply 
was limited. The seed (A2) used in Chapter 4 showed a relatively high germination 
percentage. However, it is not known how widespread the sampling had been during 
collection, nor the method of collection and handling. Thus no recommendations on 
the latter points are possible. 
In Chapter 5 (A3 seed was used), the optimum germination conditions 
determined in Chapter 4 were adopted. However, the low viability of A3 seed could 
be due to the use of inappropriate methods of collection and handling. 
Chapter 6 
The main objective of this chapter was the establishment, multiplication and 
rooting of in vitro cultured A. gracilior. 
Culture establishment from sterilised seeds was successful with less than 5% 
contamination. 
Decapitation of the apical segment resulted in the outgrowth of one axillary 
shoot on the bottom segment, very often in the upper most leaf-axil. 
BA initiated buds virtually at every leaf-axil, but the buds did not show any 
growth and development. 
Spontaneous rooting of the cultures was 35-40%. However, an attempt to 
improve this result by application of rooting hormones was not successful. 
Rooting of the cultures on a 25% aqueous leachate from seed coats (A3) of the 
same species gave rooting of 60%. However, when this experiment was 
repeated on a range of leachate concentrations below and above 25% from seed 
coats of A2 and A3 seeds in combination, rooting percentage was less than the 
previous result of A3 seed alone, the highest being 43% with concentrations of 
10 and 100%. 
Rooting of in vitro propagated shoots in ex vitro conditions was better at 'high 
light (46 imol photons m 2 s4) condition compared with the 'low' light (8 imol 
photons m 2 s-i) condition. A propriety rooting powder (Seradix 2, May & 
Baker Ltd) appeared to be slightly inhibitory. 
In the weaning of in vitro rooted shoots, all plants survived a gradual exposure 
to the natural environment. However, subsequent growth of these plants near 
to the heating elements in a glasshouse resulted in the death of a few plants. 
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Chapter 7 
The aim of this experiment was to induce somatic embryos in order eventually 
to be able to obtain somatic seeds. 
Only one cell line of somatic embryos was produced although 14 different 
experiments were conducted. 
Many proembryos were produced but did not develop into somatic embryos. 
Evaluation of methodology used in Chapters 6 and 7 
Culture establishment from seed to in vitro condition was relatively easy. The 
gametophyte could stand sterilisation and stirring better compared to the seedlings 
which were adversely affected by sterilant (0.3% HgC12) when treated for 10 minutes. 
The fact that axillary shoots were formed spontaneously on the bottom segment 
following excision of the apical segment, suggests an especially simple technique of 
shoot multiplication with a high genetic stability compared to the case when growth 
regulators were used. 
The reason why the buds initiated by BA did not show further growth and 
development was not established. Time did not permit a more thorough investigation 
into the cause of inhibition of bud outgrowth. Transfer of the cultures to a hormone-
free medium did not solve the problem. 
Possibly, an appropriate concentration of the rooting hormone (lEA, NAA or 
their combination) would have improved the rooting percentage of this species. 
There is no adequate explanation as to what caused the improvement of rooting when 
using a 25% aqueous leachate from the seed coat of A3. When leachate of A2 was 
taken in combination with A3, the rooting percentage was lower than for spontaneous 
rooting. Crude leachate could have contained both promotoiy and inhibitory factors, 
but the concentration depends perhaps on the seed lot. Although rooting ex vitro of 
this species in the 'high' light (46 pmol photons m 2 s 1) was better, this level of light 
may still not be high enough to achieve high levels of rooting. 
The method of weaning in the acclimatisation process appears to be good as all 
plants survived and resumed growth in the natural environment. Care should be taken 
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in the greenhouse as the plants are sensitive to heat, and, for example, heating 
elements should not be in close proximity to them. 
Several possible factors might be involved in the explanation of why only one 
cell line of somatic embryos was obtained, despite the considerable effort devoted to 
the subject. Many proembryos were obtained but they failed to develop into somatic 
embryos. One of the important factors which might have promoted their development 
could have been the application of ABA in the presence of polyethylene glycol-4000 
(as others have tried for other species) to improve maturation. Another possible 
factor might be hormone concentration. The correct concentrations of the hormones 
might have substantially influenced the result, as might have the use of the correct 
developmental stage of explant, incubation temperatures, media etc. Further work is 
clearly required in the future, in order to develop this promising line of enquiry. 
8.2 Seed source and reforestation strategies 
Seed availability is a prerequisite for launching any reforestation programmes 
through seedling production. Four possible seed sources described in this chapter are: 
forest stands; soil seed bank; stored seed (genebank); and somatic seeds. 
8.2.1 Forest Stands 
Conservation and Reforestation 
With continuing loss of tropical forests, it is imperative to use all possible means 
to conserve and develop the forest resources. The forest stand itself can be the best 
source of seeds for a reforestation plan. Plant genotypes could be conserved in-situ, 
and the forest is reproduced true-to-type at a relatively low cost. With logging and 
the loss of forest area, however, the dwindling population would result in a narrow 
genetic base and, possibly, the less desirable residual individuals of the remaining 
logged over population providing the seed source. Individuals of the remaining 
forests may not all produce seeds and this situation could lead to a further scarcity of 
seeds. Moreover, certain individuals of the forest population could produce seeds 
which have genetically poor germinative power. The degradation of forest might be 
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accompanied by changes of microclimate and soil erosion to the point where the 
ecosystem cannot recover. Among the many problems of reforestation are the 
absence of easy propagation techniques and inadequate knowledge of seed dormancy 
of difficult-to-germinate species. 
Interrelationships within the ecosystem should not be ignored in conservation 
and development of forest vegetation. The existence of wildlife in a certain forest 
ecosystem is not only of benefit for food and shelter but also contributes to the 
existence of vegetation. Some wildlife are involved in pollination (e.g. birds and 
insects), some in seed dispersal (e.g. primates, birds, ants, etc) and others in 
germination (e.g. primates, birds, etc). The loss of any one community in the 
ecosystem can sooner or later affect the system itself. The forest ecosystem can be 
maintained and developed by carefully designed management plans provided these are 
fully implemented and supported by legally binding regulations. The main problem 
with many tropical forests is the lack of commitment from the Governments to 
implement existing rules according to the drafted strategies, and this is true of 
Ethiopia's Forestry Programme. 
For example, the replacement of fuelwood by, for example, solar, wind and 
hydro-electric power could save a considerable amount of forest vegetation from 
being cut. In Ethiopia, forest felling before 1974 was mainly because of the expansion 
of farm land and clear-felling for timber and fuelwood. The magnitude of clear-felling 
after 1974 has increased because of a common land policy, villagisation programme 
and the involvement of state farms for cultivation of food crops in addition to the 
previous forms of deforestation. 
Today, the remaining, scanty natural forests of Ethiopia are confined mainly to 
the central-western plateau, further to the south-west and to the south-eastern plateau 
across the rift-valley. The rift-valley is predominantly covered by Acacia woodlands. 
Most of the existing forests are under pressure from one form of disturbance or 
another and it is imperative to design a strategy to save them as a seed source to 
initiate reforestation programmes. Some tree species are endangered, or even 
threatened with extinction, and plans should be laid down to allocate limited resources 
to saving the many endangered and valuable species by launching reforestation 
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activities. Short and long term plans are necessary to work towards seed production 
from the existing and recovering forests. Dormancy and germination problems of 
seeds should be studied in the meantime. More land should be allocated to forest 
vegetation to avail seed production of endangered species and it is necessary to stop 
clear-felling of indigenous species for timber and other purposes. Alternative supplies 
of timber could be plantations or, temporarily, imports. People living close to the 
natural forests should be given necessary assistance, like employment benefit, to ease 
the pressure to deforest the new land for farms. Government mass media may need to 
advocate the necessity of conserving the remaining forests and developing forest 
resources in general: private organisations and individuals might be encouraged by 
material and moral incentives, e.g. people may be encouraged to construct houses and 
fences out of slabs and bricks. It should be noted that every move towards the 
alternatives to the clear-felling of forests can contribute to conservation of natural 
vegetation in situ. Plans are needed to prioritise the potential forest sites for future 
seed production based on previous research findings (Blyth, 1991). 
8.2.2 Soil seed bank 
Places once dominated by forest cover can contain a large quantity of seeds 
buried in the soil for many years. The abundance of seed in the soil depends on the 
seed production potential of each species. Some species produce huge quantities of 
seed each year, which are adapted to wide dispersal, while others produce seeds less 
often or in small quantities but with the capacity to lie dormant in the forest floor for a 
number of years (Marquis, 1975). Seeds buried in the soil with little disturbance and 
low light intensity tend to go into dormancy: the effect of continuous darkness is to 
inhibit germination, and this may also explain how germination is initiated when 
disturbance exposes buried seeds at the soil surface (Grime, 1981). 
Soil seed banks are an important part of the flora of a site ecosystem and the 
effectiveness of the seed bank contribution to regeneration should be appreciated. In 
a world increasingly disturbed by human activities, it is inevitable that seed banks will 
frequently be important in the management and restoration of vegetation (Thompson, 
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1992). They are part of the forest conservation strategy by which endangered species 
can be regenerated: catastrophic events like fire and drought can destroy vegetation 
but buried seeds can still remain viable in the soil. The persistent seed bank probably 
functions as a buffer against population extinction in precariously exploited habitats 
(Grime, 1981). 
In a forest regeneration programme, it is not desirable to rely on the soil seed 
bank as a source of seed. There could be a wide difference between ages of seeds as 
they have accumulated over many years and it might not be appropriate to apply a 
single specific treatment to the seed population to break dormancy of various ages. 
Because of the adaptive significance of dormancy in various types of seeds, plant 
communities may have quite different types of seed bank. Germination in the soil may 
be caused by the pre-existing phytochrome (Pfr) in the seed and this can disappear by 
dark-reversion and dark-dormancy can be induced (Pons, 1992). Pons (1992) further 
indicated other forms of dormancy caused by germination inhibiting conditions such 
as unsuitable temperature and low water potential. Interaction of many factors is 
responsible for the dormancy of seeds in the soil seed banks, e.g. light, temperature, 
water potential, nitrates, genotypes, soil depth, oxygen, etc. Various types of soil 
disturbance may bring about conducive environments for breaking seed dormancy: 
clear-felling results in regeneration with fewer species and slow growth rate because 
of soil degeneration - logged areas do revegetate fairly rapidly, but the new growth is 
poorer and less diverse (Saulei, 1984). Where the objective of management is to 
create or maintain a diversity of species, it may be necessary to apply a variety of 
forms of disturbance (Grime, 1981): removal of debris, land scarification and many 
other disturbances could be applied to initiate forest regeneration. 
In regenerating forests, pioneer species usually emerge faster and shade-
demanding species later, provided that there are viable seeds in the seed bank and the 
right conditions for germination. Those species that could not be regenerated given 
the possible disturbance treatments can be planted into the area: sites which have 
been regenerated with a low species diversity could also be enriched by planting. 
Animals which used to inhabit the previous forest should be reintroduced to initiate 
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the restoration of the ecosystem and once regeneration is initiated the area should be 
protected from any destructive interference. 
In Ethiopia, several pilot studies on regeneration have given encouraging 
results. Regeneration trials of Acacia in some places in the rift valley have been a 
good start and the results are found to be promising. Highland species might be 
regenerated probably with a less species diversity. Afrocarpus gracilior appears to 
have regenerated fairly well in the forest where the seeds were buried in the soil: the 
seeds seem to stay viable for several years provided that they find their way down into 
the soil with accumulation of thick layers of organic matter. In compact soil under the 
forest cover where disturbance by animals is acute, there is little regeneration of 
Afrocarpus. 
Lands cultivated for many years have less chance of forest regeneration. There 
is a need for research in this area to estimate the population of buried seeds: data of 
this sort are important to help draft a management plan for forest regeneration. It is 
also important to know the regeneration potential of a species before launching 
reforestation activities. With species of high regeneration potential, reforestation can 
be carried out from the soil seed bank at a relatively low cost. 
8.2.3 Stored seed gene bank]: Ex-situ conservation 
As tropical forests are declining, there is world-wide interest to keep seeds, 
particularly of endangered species, in suitable storage conditions (Thornhill and 
Koopowitz, 1992). Seed storage would appear to be a relatively easy and less 
expensive method of preserving plant genotypes compared with other ex situ 
conservation strategies. In Ethiopia, the activity of forest seed procurement has been 
undertaken by the Forestry Research Centre, while forest development activities have 
been carried out by the State Forest and Soil and Water Conservation Departments 
and some Non-Governmental Organisations. The Forestry Research Centre has been 
the national seed procurement and distribution body structured under the then 
Ministry of Natural Resources Conservation and Environmental Protection. The 
centre has been committed to collecting more than 50 seed species in the last two 
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decades, the majority of which are exotic, based on requests from tree planting 
bodies. 
The United Nations Development Programme (UNDP)/United Nations Sudano-
Sahelian Office (UNSO) understood the seriousness of forestry problems in Ethiopia 
and launched a 5-year project on tree seed towards the end of 1992. It is hoped that 
the project will lay the ground for quality seed procurement and development of 
working facilities. It is expected at the end of the project that seed procurement and 
proper management will continue not only in the Tree Seed Centre but also in the 
regional bases. 
Forest seeds, particularly of rare species, should be preserved in a defined 
storage condition for each species. Many species can have the same storage 
condition, but this has to be proved by experimentation. The storage condition 
studies in this work on A. grad/br (and partially on E. capensis and P. africanurn) 
should be repeated (with suitable modification) for other indigenous species of 
Ethiopia. It is very important in seed handling that care must be taken at every step 
from collection up to storage and until the seed is sown for germination. Although 
reforestation is recognised as an essential activity, the adequate supply of seed of high 
quality and high genetic potential is often a limiting factor in many countries and thus, 
emphasis has been placed on research project activities including production, 
collection, handling, processing, testing and storage of seed for a proper management 
(Wang, 1988). Strategies geared to such research activities should be designed for 
full implementation. It is better to collect a limited quantity of seed with proper 
handling throughout the stages of procurement than to collect a bulk quantity without 
a proper seed management. It is worthwhile describing these activities at every stage 
in seed procurement. 
8.2.3.1 	Seed production 
Seed quality can be improved through tree improvement programmes and 
eventually by establishing seed orchards. Seed orchards of improved genotypes 
should be used as the seed source for the future plantation programme. A reasonable 
number of seed orchards should be established at zonal/regional levels so that future 
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seed collection could concentrate mainly on close proximity to the plantation areas. 
The existing seed production plantations can serve as transitional seed orchards or 
used as a base population until the proper seed orchard has materialised. 
	
8.2.3.2 	Seed collection 
Seed collection should be well designed and organised. The existing practice of 
seed collection randomly from any site where seed is available should be improved to 
a system of collecting quality seed. The tradition of transporting bulk seeds a long 
distance to Addis Ababa needs to be improved. It might be enough to take sample 
seeds to Addis Ababa if need be for a laboratory test. 
First of all, bulk seed which is surplus to requirements for the next planting 
season should not be collected (unless otherwise required). This would alleviate the 
storage problem and improve germination after relatively long-term storage. The fact 
that the proper storage conditions for many Ethiopian species are not known and the 
seeds are stored in unsuitable conditions probably results in more rapid deterioration 
than anticipated. 
Precautions should be taken to follow all seed collection procedures. Only 
mature seeds should be collected, carefully without destroying the immature seed 
which should remain on the mother plant. Collection of immature seeds is not 
worthwhile because they cannot stand desiccation. Collection of poor quality seed 
results in the loss of not only time and material resources spent on collection but also 
one or more years of plantation programmes. It is important to use the proper seed 
collection equipment for the safety of the collector and for collecting seeds of the 
required quality. 
8.2.3.3 	Seed handling 
After separation from the mother plants, the seeds should be handled with great 
care. It is always advisable to keep a small quantity of seed (particularly wet seed) in 
relatively small bags (e.g. 10 kg) so that air circulates in between bags in a temporary 
storage in the field. A large quantity of wet seed may build up heat in the middle of 
the bag and cause a rapid loss of viability. 
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Seed transportation is one of the very important procedures in seed handling. 
People might overlook the importance of the proper care of seed during 
transportation in the vehicles, ships and aeroplanes. During transportation, the seeds 
should be kept at an ambient condition and more importantly should not be under any 
pressure. The seeds are in the process of desiccation at the time of shedding and as a 
general rule should not be kept in wet conditions (there are some exceptions with 
recalcitrant seeds which should be handled by experts). 
8.2.3.4 	Seed processing 
Methods of seed processing may differ from species to species. Some seeds are 
already dry at the time of shedding (many of the indigenous species of Acacia in 
Ethiopia for example) and may not need a special extraction treatment other than 
mechanical removal of the seeds from the pods. Many other lowland legumes like 
Aibizia gumnufera also have similar seed desiccation behaviour to the lowland 
Acacias. The optimum moisture content to which a seed has to be dried for storage 
should be experimentally investigated. The type of seed processing could also depend 
on the desiccation tolerance of a species. 
Seed storage behaviour of many mid elevation and highland species of Ethiopia 
is not yet known for management decision as to how to undertake the extraction 
work. Afrocarpus gracilior seeds are semi-desiccated at the time of shedding: if seed 
collection is done at the time of yellowing the seeds are wetter than at the time of 
natural shedding. The seeds of Afrocarpus are traditionally soaked in water for about 
two days to soften the pulp for easy extraction by hand. It is not yet experimentally 
proven whether or not pre-soaking of Afrocarpus seed is the right method as far as 
viability is concerned. One of the side experiments in this work indicated that pre-
soaking of the seed with intact pulp appeared not to have an immediate effect on seed 
viability: Afrocarpus seeds soaked for six hours after seed coat removal gave slightly 
higher germination percentages than the seeds soaked for 24 hours. However, the 
effect of pre-soaking on long-term storage remains to be seen. Experiments of this 
type should also be done for many other indigenous seed species as pre-soaking might 
be detrimental to the viability of some seeds. 
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The drying period accompanying pulp extraction is another thing to be 
investigated. Some seeds can best maintain their viability if they are dried slowly for a 
longer period of time before storage. Orthodox seeds appear to keep their viability 
when they are desiccated slowly, contrary to the recalcitrant seeds. In nature, the 
seeds are in a state of drying when they are shed. This process is expected to 
continue after shedding until the seeds come to a minimum moisture content at which 
viability can best be maintained. It is therefore logical to avoid pre-soaking for 
extraction purposes at least for those seeds which are to be stored for some time. 
Recalcitrant seeds are more delicate to handle: more research is needed to investigate 
the storage conditions for such seeds. 
Appropriate seed processing facilities should be organised before any seed 
collection begins. Air-drying might be necessary by laying the seeds on a platform 
about one metre above the ground. Drying seeds on the ground under direct tropical 
sun light might kill the seeds due to high temperature. 
8.2.3.5 	Seed testing 
Seed viability should always be estimated for each seed population, taking 
samples to carry out germination, tetrazolium chloride or other tests. As viability 
results are assumed applicable to the whole seed lot the tests should be done with care 
and efficiency, and seed testing facilities such as laboratories, nurseries and/or 
greenhouses should be well organised. Trained personnel are a necessity as the work 
requires skill and technique, in line with the standard rules of the International Seed 
Testing Association (ISTA). The Forest Seed Laboratory in Addis Ababa should be 
working to this standard. 
The task of seed procurement and storage needs to be undertaken at the 
zonal/regional level in Ethiopia in order to reduce the risk of damage in transport. 
Seed testing activities may also be done at the regional level, requiring some 
laboratory and nursery facilities. Seed research on physiology and storage conditions 
are best studied in the Seed Centre at head office level, which coordinates research at 
the national level to categorise seeds according to their storage behaviour. Both the 
Centre and the regional stations should work in close collaboration: one of the tasks 
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of the Centre should be to offer technical and other necessary support to the regions 
so that some research activities which are done in the Centre might be replicated at 
the regional level. 
8.2.3.6 	Seed storage 
The seeds are required to be collected based on the short and long-term storage 
plans. The regions would plan their annual requirement of the seed and arrange a 
collection programme in line with the target. 
Storage facilities need to be constructed at the regional level. Stores can be 
constructed from local materials such as thick-walled wattle and daub roofed with 
grass thatches, for example. Such houses are cool enough to keep the viability of 
seed for at least one season until it is used to raise seedlings. 
The central seed storage should be used mainly to preserve the seeds for genetic 
conservation, The seeds in excess of the annual requirement of either the regions or 
the Centre itself can be stored in the central store to be used in the next plantation 
season. The proper cold store and freezing facilities are used to store seeds based on 
priority list starting with the species threatened with extinction. 	Seed storage 
behaviour of each species needs to be worked out to avoid storing two or more seed 
groups with unrelated behaviour in the same conditions. 
Germination and seedling physiology should also be studied to find the rapid 
propagation method so as to promote reforestation programmes. The task of in situ 
and ex situ conservation of species should be implemented side by side. 
Seed storage for genetic conservation in Ethiopia has so far concentrated mainly 
on agricultural species. The country has a huge diversity of forest species because of 
the wide range of ecological zones and the seeds therefore differ in their ability to 
maintain their viability because of adaptation to a wide range of conditions. Many of 
the orthodox seeds can be stored for a long period of time by controlling the moisture 
content of seed and the storage temperature. In the future, liquid nitrogen could be 
used to store seeds for a long time. Some desiccation-tolerant species are also liquid 
nitrogen-tolerant and could be stored in this condition for a lengthy period of time 
(Wang, 1988). In future, it appears possible that recalcitrant seeds may be stored in 
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liquid nitrogen: embryos of recalcitrant seeds can be safely stored in liquid nitrogen if 
they are frozen down at a rate of about 200 °C per minute (P. Berjak, University of 
Natal, South Africa, personal communication, 1995). 	Research towards the 
preservation of plant materials in cold rooms, freezing chambers and liquid nitrogen 
are crucial for Ethiopia before it is too late to save genetic resources of rare species. 
At the same time, progress should be made to overcome propagation problems of 
indigenous species and work hard towards in situ conservation. 
8.2.4 Somatic seeds 
Plant biotechnology is progressing towards successful implementation of 
somatic embryogenesis techniques so as to enable a harvest of artificial seeds from 
somatic cells. The work on this technology should be included in the long-term 
strategy for plant propagation and genetic improvement. 	The use of 
micropropagation and somatic embryo cultures in reforestation strategy will be 
described in the next section. 
8.2.5 Micropropagation and somatic embryo culture and reforestation strategy 
Some of Ethiopia's indigenous tree species like Aningeria adoifI-friederici and 
Syzygiurn guineense are found among the remaining natural forests confined to very 
limited areas. Although there are no published reports on the storage behaviour of 
these species they appear to be recalcitrant, and together with other species of similar 
seed storage behaviour are potentially suitable for micropropagation and somatic 
embryogenesis. This appears to be a good option for clonal multiplication, with the 
potential of becoming an efficient method for plant multiplication and a successful 
system for studying plant development (von Arnold and Hakman, 1988). In cases 
where rooting and other problems become obstacles to propagation by cuttings 
somatic embryogenesis may be the best alternative for plant multiplication. The rapid 
loss of rooting potential and plagiotropic growth of many conifer cuttings severely 
limits the use of conventional cuttings and the recent successful induction and 
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regeneration of plants from embryogenic cultures of conifers has created new 
possibilities for clonal forestry (Klimaszewska et al., 1992). 	Research into 
micropropagation and somatic embryogenesis should be planned, at least in the long-
term, for in situ conservation of recalcitrant species in particular and very small 
populations. 
8.2.6 Conclusions and Recommendations 
Ethiopia needs preservation of plant material in the form of seed and other 
propagules for conservation and development programmes. This could be done in 
short and long-term plans: 
Short-term 
Seed collection for research and planting targets. 
Research geared to investigation of the storage behaviour of seeds - orthodox, 
intermediate and recalcitrant. 
Preservation of those seeds of desirable species whose storage behaviour is 
known in their optimum storage condition. 
Establishment of seed stations at the regional level and create networks. 
Long-term 
Continued seed collection geared to quality for research and planting targets. 
Continued research on seed storage behaviour and preserve the seeds and other 
plant materials in the cold store and gene bank. 
Establishment of in situ conservation in parallel with gene bank storage of 
selected species. 
Establishment of seed orchards to enable seed multiplication. 
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Rank of mean viability (probit scale), withdrawal 1 





8 10 0.65 a - 
11 10 0.65 a 
11 21 0.65 a 
6 10 0.60 a b 
8 21 0.59 a b c 
8 4 0.58 a b c d 
15 21 0.58 a b c d 
6 4 0.47 a b c d e 
11 4 0.47 a b c d e 
15 10 0.47 a b c d e 
6 21 0.47 a b c d e 
15 4 0.41 a b c d e f 
6 -20 0.20 f g 
8 -20 0.20 f g 
11 -20 0.10 g h 
15 -20 -0.41 
LSD = 0.26 MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
8 0.50 a 
11 0.47 a b 
6 0.44 a b c 
15 0.26 d 
10 0.59 a 
21 0.57 a b 
4 0.48 a b c 
-20 0.02  d  
LSD = 0.13 	Total mean 
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APPENDIX 3.1b 
Rank of mean viability (probit scale), withdrawal 2 





8 4 0.53 a -- 
8 10 0.47 a b 
6 4 0.47 a 
15 4 0.42 a b c 
6 10 0.41 a b c d 
11 4 0.41 a b c d 
11 10 0.36 a b c d e 
8 21 0.15 e f 
6 21 0.10 f g 
8 -20 0.05 f g h 
6 -20 0.00 f g h i 
11 -20 0.00 f g h i 
15 10 0.00 f g h i 
11 21 -0.10 g h i j 
15 21 -0.53 k 
15 -20 -0.65 k 
LSD = 0.21 	MC*Temp  interaction 
MC % Temp °C Probit 
mean 
Rank 
8 0.30 a 
6 0.25 a b 
11 0.17 b c 
15 -0.19 d 
4 0.46 a 
10 0.31 b 
21 -0.09 c 
-20 -0.15  c d 
LSD = 0.11 	Total mean 
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APPENDIX 3.1c 
Rank of mean viability (probit scale), withdrawal 3 





6 10 0.53 a 
8 10 0.47 a b 
8 4 0.46 a b c 
6 4 0.41 a b c d 
15 4 0.26 a b c d e 
11 10 0.25 a b c d e f 
11 4 0.21 a b c d e f g 
6 21 0.20 b c d e f g h 
6 -20 0.05 e f g h i 
8 21 0.00 e f g h i j 
8 -20 -0.05 e f g h i j k 
15 10 -0.15 i j k 1 
11 -20 -0.31 j k 1 m 
11 21 -0.36 k 1 m n 
15 -20 -1.58 o 
15 21 -1.75 
LSD = 0.32 MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
6 0.30 a 
8 0.22 a b 
11 -0.05 c 
15 -0.81 d 
4 0.34 a 
10 0.28 a b 
-20 -0.47 c 
21 -0.48  c d 
LSD = 0.16 Total mean 
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Rank of mean viability (probit scale), withdrawal 4 





8 10 0.53 a 
8 4 0.47 a 
6 4 0.41 a b c 
6 10 0.41 a b c 
11 4 0.26 b c d 
11 10 0.26 b c d 
6 21 0.10 d e 
15 4 0.05 d e f 
8 21 -0.05 e f g 
6 -20 -0.10 e f g h 
8 -20 -0.20 g h i 
11 -20 -0.41 i j 
11 21 -0.47 j k 
15 20 -0.59 j k 
15 -20 -1.58 m 
15 	1 21 -1.75 m n 
LSD = 0.23 	MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
6 0.21 a 
8 0.19 a b 
11 -0.09 c 
15 -0.97 d 
4 0.30 a 
10 0.15 b 
21 -0.54 c 
-20 -0.57  c d 
LSD = 0.12 	Total mean 
M. 
APPENDIX 3.2 
Rank of slopes for withdrawals 0, 1, 2, 3 and 4 





8 10 -0.57 a 
8 4 -0.62 a b 
6 4 -0.69 a b c 
6 10 -0.70 a b c d 
11 4 -1.26 e 
11 10 -1.40 e f 
6 21 -1.60 e f g 
15 4 -1.60 e f g 
6 -20 -1.92 f g h 
8 -20 -2.25 h i 
8 21 -2.28 h i j 
11 -20 -2.88 k 
15 10 -3.51 
11 21 -3.66 1 m 
15 -20 -6.27 n 
15 21 -7.93 o 
LSD = 0.53 	MC*Temp  interaction  
MC % Temp °C Slope 
(probit)  
Rank 
6 -1.23 a 
8 -1.43 a b 
11 -2.30 c 
15 -4.83 d 
4 -1.04 a 
10 -1.54 b 
-20 -3.33 c 
21 -3.87  d  
LSD = 0.26 Total mean 
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APPENDIX 4.1a 
Rank of mean viability (probit scale) for the effect of moisture content and 
temperature interaction and for the total means. 
WD1 





15 4 0.81 a 
15 21 0.76 a b 
11 10 0.50 a b c 
15 10 0.44 a b c d 
6 21 0.35 b c d e 
8 4 0.35 b c d e 
6 4 0.32 c d e f 
8 10 0.26 c d e f g 
11 4 0.14 c d e f g h 
6 10 0.09 c d e f g h i 
8 -20 0.00 e f g h i j 
6 -20 -0.10 f g h i j k 
11 -20 -0.15 g h i j k 
8 21 -0.21 h i j k I in 
11 21 -0.50 k I in n 
15 -20 -0.87 n o 
LSD = 0.42 MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
15 0.29 a 
6 0.17 a b 
8 0.10 a b c 
11 -0.00 b c d 
4 0.41 a 
10 0.32 a b 
21 0.10 c 
-20 -0.28  d  
LSD = 0.21 	Total mean 
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APPENDIX 4.1b 
Rank of mean viability (probit scale) for the effect of moisture content and 
temperature interaction and for the total means. 
WD2 





15 4 0.29 a -- 
6 4 0.09 a 
8 4 0.08 a b c 
11 4 0.01 a b c d 
11 10 0.01 a b c d 
6 10 0.00 b c d e 
15 10 -0.07 b c d e f 
6 -20 -0.14 b c d e f g 
8 21 -0.23 d e f g h 
11 21 -0.24 d e f g h i 
6 21 -0.28 e f g h i j 
8 10 -0.44 h i j k 
11 -20 -0.49 h i j k 
8 -20 -0.52 i j k 1 in 
15 -20 -1.19 n 
15 21 -1.19 n 
LSD = 0.28 	MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
6 -0.08 a 
11 -0.17 a b 
8 -0.28 b c 
15 -0.54 d 
4 0.12 a 
10 -0.12 b 
21 -0.48 c 
-20 -0.58  c d 
LSD = 0.14 	Total mean 
251 
APPENDIX 4.1c 
Rank of mean viability (probit scale) for the effect of moisture content and 
temperature interaction and for the total means. 





8 4 0.21 
al 
6 4 0.14 a b 
11 4 0.08 a b c 
15 4 0.08 a b c 
6 21 0.05 a b c d 
8 21 0.00 b c d e 
11 10 0.00 b c d e 
6 10 -0.02 b c d e f 
8 10 -0.02 b c d e f 
15 10 -0.24 g 
11 21 -0.27 g h 
6 -20 -0.37 g h 
8 -20 -0.42 g h i j 
11 -20 -0.44 g h i j k 
15 21 -1.06 
15 -20 -1.19 1 1 m 
LSD = 0.20 MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
6 -0.05 a 
8 -0.06 a b 
11 -0.16 b c 
15 -0.60 d 
4 0.13 a 
10 -0.07 b 
21 -0.32 c 
-20 -0.60  d  
LSD = 0.10 Total mean 
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Rank of mean viability (probit scale) for the effect of moisture content and 
temperature interaction and for the total means. 
WMI 





6 10 -0.02 a 
8 21 -0.07 a b 
8 4 -0.10 a b c 
15 4 -0.12 a b c d 
8 10 -0.15 a b c d e 
11 4 -0.20 b c d e f 
6 4 -0.20 b c d e f 
6 -20 -0.29 d e f g 
6 21 -0.37 f g h 
11 -20 -0.37 f g h 
11 10 -0.38 g h 
8 -20 -0.43 g Ii i j 
11 21 -0.71 k 
15 10 -0.91 
15 -20 -2.07 m 
15 	1 21 	1 -2.07 - m 
LSD = 0.17 MC*Temp  interaction 
MC % Temp °C Probit 
mean 
Rank 
8 -0.19 a 
6 -0.22 a b 
11 -0.29 b c 
15 -0.41 d 
4 -0.15 a 
10 -0.36 b 
-20 -0.79 c 
21 -0.81  c d 
LSD = 0.08 	Total mean 
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APPENDIX 4.2 
Rank of mean slope for the effect of moisture content and temperature interaction and 
for the total means: withdrawals 0, 1, 2, 3 and 4. 





8 21 -1.47 a 
- 
6 10 -1.72 a b 
8 4 -1.92 a b c 
11 4 -2.04 a b c d 
8 10 -2.17 b c d e 
6 4 -2.19 b c d e f 
6 -20 -2.48 c d e f g 
15 4 -2.62 d e f g h 
11 -20 -2.68 e f g h i 
6 21 -2.70 e f g h i j 
11 21 -2.87 g h i j k 
11 10 -2.92 g h i j k 
8 -20 -2.94 g h i j k 1 m 
15 10 -4.30 n 
15 -20 -6.45 o 
15 	1 21 	1 -8.11 
LSD 0.60 MC*  Temp interaction 
MC % Temp °C Probit 
mean 
Rank 
8 -2.12 a 
6 -2.27 a b 
11 -2.63 c 
15 -5.37 d 
4 -2.19 a 
10 -2.78 b 
-20 -3.63 c 
21 -3.78  c d 
LSD = 0.30 Total mean 
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APPENDIX 5.1a 
Viability rank between means using LSD 
WD1 





6 4 -.29 a - 
8 4 0.27 a 
8 10 0.25 a b c 
6 -5 0.24 a b c d 
6 10 0.22 a b c d e 
8 -5 0.22 a b c d e 
10 10 0.20 a b c d e f 
10 4 0.12 b c d e f g 
10 -5 0.02 g h 
17 4 -0.02 g h i 
6 21 -0.05 h i j 
8 21 -0.17 i j k 
17 -5 -0.20 j k 
10 21 -0.20 j k 
17 10 -0.22 k 1 m 
17 21 -0.42 - - 	 - - - - n 
LSD 	0.16 MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
6 0.18 a 
8 0.14 a b 
10 0.04 c 
17 -0.22 d 
4 0.17 a 
10 0.11 a b 
-5 0.07 b c 
21 -0.21  d  
LSD = 0.08 	Total mean 
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APPENDIX 5.1b 
Viability rank between means using LSD 
WD2 





6 4 0.22 a 
8 4 0.22 a 
8 10 0.22 a 
6 -5 0.19 a b 
6 10 0.17 a b c 
10 10 0.15 a b c d 
8 -5 0.07 a b c d e 
10 4 -0.02 b c d e f 
10 -5 -0.10 e f g 
17 4 -0.30 g h 
6 21 -0.53 
17 -5 -0.62 i j 
8 21 -0.65 i j k 
10 21 -0.70 i j k 
17 10 -0.92 m 
17 	1 21 	1 -1.32 n 
LSD = 0.21 MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
6 0.01 a 
8 -0.03 a b 
10 -0.16 c 
17 -0.79 d 
4 0.03 a 
10 -0.10 b 
-5 -0.11 b c 
21 -0.80  d  
LSD = 0.11 	Total mean 
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Viability rank between means using LSD 
WD3 





6 4 0.07 a 
6 -5 -0.15 b 
8 10 -0.15 b 
8 -5 -0.20 b c 
8 4 -0.22 b c d 
6 10 -0.22 b c d 
10 4 -0.22 b c d 
10 10 -0.51 e 
17 4 -0.53 e f 
6 21 -0.56 e f g 
10 -5 -0.59 e f g h 
8 21 -0.88 
17 -5 -0.91 i j 
17 10 -1.16 k 
10 21 -1.20 k 
17 	1 21 	1 -1.95 m 
LSD 0.19 MC*Temp  interaction 
MC % Temp °C Probit 
mean 
Rank 
6 -0.21 a 
8 -0.36 b 
10 -0.63 c 
17 -1.14 d 
4 -0.23 a 
-5 -0.46 b 
10 -0.51 b c 
21 -1.15  d  
LSD = 0.10 	Total mean 
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Viability rank between means using LSD 
BM 





6 4 -0.66 a 
6 10 -0.79 a b 
8 21 -1.07 b c 
10 10 -1.23 c d 
8 -5 -1.25 c d e 
6 21 -1.32 c d e f 
10 -5 -1.32 c d e f 
8 10 -1.38 c d e f g 
17 4 -1.63 f g h 
8 4 -1.75 h i 
10 4 -1.75 h i 
6 -5 -1.82 h i j 
10 21 -1.82 h i j 
17 -5 -1.95 h i j k 
17 10 -2.07 i j k 
17 	1 21 	1 -2.07 	1 1 ijki 
LSD = 0.36 MC*Temp  interaction 
MC % Temp °C Probit 
mean  
Rank 
6 -1.15 a 
8 -1.35 b 
10 -1.53 b c 
17 -1.93 d 
10 -1.37 a 
4 -1.44 a b 
21 -1.57 b c 
-5 -1.58  b c d 
LSD = 0.18 	Total mean 
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APPENDIX 5.2 
Ranking of mean slopes for withdrawals 0, 1, 2, 3 and 4 





6 4 -2.50 a - 
6 10 -3.02 a b 
8 21 -3.91 c 
8 -5 -4.01 c d 
6 21 -4.27 c d e 
10 10 -4.28 c d e f 
8 10 -4.30 c d e f g 
10 -5 -4.38 c d e f g h 
17 4 -4.95 e f g h i 
10 4 -5.05 e f g h i j 
8 4 -5.09 e f g h i j k 
6 -5 -5.26 i j k 
17 -5 -5.87 k 1 m 
10 21 -5.90 k 1 m n 
17 10 -6.38 m n o 
17 	1 21 	1 -6.99 oj 
LSD = 0.82 MC*Temp  interaction 	- 
MC % Temp °C Probit 
mean 
Rank 
6 -3.76 a 
8 -4.33 b 
10 -4.90 c 
17 -6.05 d 
4 -4.40 a 
10 -4.50 a b 
-5 -4.88 b c 
21 -5.27  c d 
LSD = 0.41 	Total mean 
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APPENDIX 6.1 
Seed Pre-treatment and Surface Sterilisation 
The seeds were transported in an open vehicle from their collection sites 10-15 
days after collection to the Forestry Research Centre, Addis Ababa. They were 
soaked in water for about 2-3 days in order to soften the external dried fleshy tissues. 
The pulps were then removed by hand and discarded. The seeds were dried in the sun 
for 2-5 days to a moisture content of 10-13%. They were stored in the Centre at 
about 10 °C until they were transported to Edinburgh by air. 
The seed coats were cracked in a vice, carefully removed by hand and 
discarded. The gametophytes containing the embryos were soaked overnight in 
distilled water. These explants were surface sterilised by stirring for 20 minutes in 
0.3% mercuric chloride with two drops of Tween-80. The plant tissues were washed 
five times each with sterile distilled water and stored in sterile distilled water until they 
were transferred to the required media. 
APPENDIX 6.2 
Preparation of MS Basal Medium 
The required volume of distilled water was measured into a stainless steel pot. 
Full-strength MS basal salts and vitamins (Sigma) and 3% sucrose were added and 
stirred until they dissolved. The pH of the solution was adjusted to 5.5. The solution 
was heated to boiling without stirring. Bacteriological Agar No 1 (Oxoid) was added 
at a concentration of 1% and the whole solution was stirred until the agar was fully 
hydrated. The medium was dispensed in 15 ml aliquots into 10 x  2.5 cm flat 
bottomed soda glass tubes and capped with aluminium caps. The tubes of medium 
were autoclaved at 121 °C for 20 minutes, allowed to gel and stored at 2 °C. 
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APPENDIX 6.3 
Sterilisation of germinating shoots with calcium hypochiorite 
One hundred and thirty five explants (shoots) from germinating A2 seed lot 
were categorised into 3, based on their sizes as follows: (1) those explants with less 
than 2 cm height were categorised as Category A (60 explants); (2) those explants 
with the height between 2 and 4 cm as Category B (60 explants); and (3) those with 
the height above 4 cm as Category C (15 explants). Each category was subdivided 
into three groups of sterilisation time (5, 10 and 15) minutes. Twenty explants were 
selected randomly for each treatment time for Category A and B, and five explants for 
Category C. 
The root portion of the explants was discarded and the shoots were washed 
twice with distilled water in honey jars by gently shaking for one minute each. One 
group in each category was selected randomly and sterilised with 7% calcium 
hypochiorite with two drops of Tween-80 by shaking for 5 minutes. The second 
group was also treated in the same way but for 10 minutes, and the third group for 15 
minutes. The calcium hypochlorite was discarded after each sterilisation and the 
explants were washed with sterile distilled water by shaking five times for five minutes 
each and stored in sterile distilled water until they were transferred to the culture 
tubes in the laminar flow cabinet. 
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APPENDIX 6.4 
Sterilisation of germinating shoots with mercuric chloride 
One hundred and forty one germinating shoots were categorised into two, A 
and B. Explants with the height of below 2 cm were categorised as A, and the 
remaining explants above 2 cm categorised as B. The number of explants sorted out 
for A in this case was 33, and the remaining 108 explants were allocated to B. Each 
category of A and B was subdivided into three groups based on the sterilisation time 
of 1, 2 and 3 minutes. A group from each category was treated either for 1, 2 or 3 
minutes after random selection. Hence, 11 explants were in each group of A, and 36 
explants in each group of B. 
The root parts of the explants were discarded and the shoots were washed 
twice in distilled water in honey jars by gently shaking for one minute each. The 
explants in each group were sterilised with 0.3% mercuric chloride with two drops of 
Tween-80 for the required sterilisation time by shaking the jar gently. The mercuric 
chloride was discarded and the shoots were washed five times with sterile distilled 
water by gently shaking for 5 minutes. The explants were stored in sterile distilled 
water until transfer to culture in the laminar flow cabinet. 
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APPENDIX 7.1 
Preparation of media containing hormones and glutamine 
The required volume of distilled water was measured into a stainless steel pot. 
The required amount of basal salts (e.g. 2.3 g/f WPM) and 3% sucrose were added 
and stirred until they were dissolved. The 2,4-D (4.42 mg/e) dissolved in ethyl 
alcohol, and BA (1.13 mg/f) dissolved in 1M NaOH were added. Myoinositol 
(100 mg/e), thiamine HC1 (1 mg/i), nicotinic acid (0.5 mg/i) and Pyridoxine HCl 
(0.5 mg/i) were added. The pH of the solution was adjusted to 5.8 and heated to 
boiling without stirring. The agar (0.7%) was added and the solution was heated and 
stirred until the agar was frilly hydrated. The solution was poured into a flask and a 
sterile filter and dispensing tubes were fixed into the mouth of the flask. The whole 
was autoclaved for 40 minutes. The glutamine (0.5 g/J?) was dissolved in distilled 
water by stirring and glutamine was sterile filtered into the autoclaved solution. The 
medium (15 ml) was dispensed into presterilised 2.5 x  10 cm soda glass culture tubes. 
The tubes were capped with aluminium caps, the medium was allowed to gel and 
subsequently stored at 2 °C until used. 
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